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measuring flow r a t e  i n  high-head turbines and pumps. A s e r i e s  of dis-  
charge measurements was begun i n  1967, a t  F l a t i ron  Powerplant near  
Loveland, Colo, t o  evaluate  techniques and equipment developed i n  pre- 
l iminary investigatio::; of t h e u s e  of  rad ioac t ive  mater ia l .  Measure- 
ments were made on a 6000-ft-long, 6-ft-dia penstock and on a 6000-ft- 
long., 8-ft-dia pump discharge l i n e .  Thir ty-f ive in j ec t ions  of radii+ 
ac t ive  Bromine-82 were pade i n  the  penstock, and 12 i n j e c t i o n s  were 
made i n  the pumpliner?.;<Ninety-three discharge values were computed f o r  
penstock flows and 2 4 f o r  pumpline flows. Mixing lengths ranged from 
47 t o  755 diameters; discharge ranged from ahout 130 t o  300 cfs .  The 
measurements gave good information o n  lengths of pipe required f o r  nat- 
u r a l  turbulence t o  mix pipe flow and t r a c e r  and f o r  addi t ional  mixing 
caused by a pump. Discharge measurnwnts on the turb ine  and pump were 
n o t a s  p rec i se  a s  desired but were encouraging. 
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the &foot pumpline, At 164 diameters, the deviatian for 11 discharge 

Twenty-three measurements were made using 310.8 diameters for mixing. 
- 

Samples were withdrawn from the center of the flow and near the 

sidewall. The deviations for the average discharge values from 

the flowneter and radioisotope method were +3.2 percent for the 

center and +3.7 percent for the side,Table A. The individual 

measurements, flowmeter and radioisotope, differed by -5 percent 

For a mixing length of 645 diameters of the penstock, the average 

deviation of 12 discharges indicated by the flowmeter and radia- 

isotope method was +1.2 percent, Table A. The deviations for 



the average discharge of the 11 radioisotope measurements, Table 6. 

The five remaining measurements gave values about 2.1 percent 

higher than the flowmeter-indicated discharge. 

For a mixing length of 755 diameters the flowmeter and radioisotope 

indication of the pump discharge differed by 90.6 percent for 5 

measurements, Table A and Table 7. 

The tests gave good information on lengths of pipe required for 

natural turbulence to mix the pipe flow and tracer injected at 

the pipe centerline, radiation measurement procedures, and injection 

and sampling techniques. These studies showed that injections at 

a selecTed point between the center and side of the penstock did ,s not produce a significant reduction in the mixing length. The scale 

and intensity of the turbulence for mixing of the tracer and pipe 

flow was increased by the pump. The mixing in a length of 164 and 

755 diameters in the 8-foot pump line appeared to be satisfactory 

for a tracer injection near the pipe sidewall into water flow at 

a velocity of about 6 feet per second (1.8 mps). A 310-diameter 

mixing length for a centerline injection into water flaring about 
- 

4.5 feet per second (1.4 mps) apparently did not result in satis- 

factory mixing produced by the natural turbulence of the penstock. 

he discharges computed from the samples taken at the draft 
i 

he turbine were obviously in error and the measurements 

4 
er variation than des~iable. Investigation using a 
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The program was divided into f ive phases to  cover about 5 years of 

work. Phases I and 11 were completed by September 30, 1966. The 

resu l t s ,  smnmarized br ie f ly  below, -re covered in a previous 

I n  Phases I ~d 11, an extensive search of foreign and domestic 

l i t e ra ture  produced about 300 references related to  the measurement 

of flow using radioisotopes and chemical tracers and an radioisotopes 

sui table  for makine ~ i u e l i n e  discharne measurements. An a ~ o t a t e d  - .  - - 
bibliography was included as  a par t  of a report  on contract work done 

by Colorado State University, Fort Collins, Colorado. Theoretical 

studiea were made t o  define and evaluate the hydraulic parameters 

that  a f fec t  and control mixing of the t r w e r  with the flowing water. 

A 36-inch-diameter pipeline 825 feet  long was used to  study the mix- 

ing and distribution of fluorescent dye i n  flows ranging from 8 c f s  

t o  62 cfs. The measurements resulted i n  - approximately 1,000 analog 

records of dye concentratiom i n  the pi$line for mixing lengths of 

from 27 to 184 pipe diameters.L/g/ In  a separate tes t ing environ- 

ment i n  the Hydraulics Branch, USBR, an 8-inch-diameter transparent I 





Field t e s t s  were performed during August 1966 i n  a 320-foot-long, 

10-foot-diameter, high-head turbine penstock of Flaming Gorge Dam 

near Vernal, Utah.to f i e ld  evaluate procedures and equipment. 

Samples of tagged water were withdrawn from the penstock both upstream 

and downstream of the turbine for discharge measurements. The planned 

objectives of the Flaming Gorge Dam turbine discharge measurements were 

achieved. Much was learned about the injection,  sampling, and general 

procedures necessary for making radioisotopes discharge measurements 

i n  a high-head insta l la t ion.  The difference between the discharges 

computed by the radioisotope method and that  measured by the flowmeter 

gave indirect  indication that  good mixing did not occur i n  flows of 

about 1,400 cfs  (design maximum 1,530 cfs)  i n  a pipeline length of 

about 30 diameters for  a single j e t  of isotope introduced a t  0.3 of 
> 

the radius from the pipe wall. The flow, between the injection and 

sampling locations, did not have turbulence of suff ic ient  scale and 

intensi ty  to  produce good mixing in  a length of about 320 feet  for the 

Studies by other investigators using a 50-point injection manifold 

a t  about 0.38 of the pipe radius from the wall indicated that  a 

nearly uniform concentration of tracer could be obtained i n  about 

rs of 6-inch-diameter s t ra ight  p i p e . /  The penstock a t  



Measurements a t  Flaming Gorge were the conclusion of planned work 

for  Phase 11. Phase I11 of the joint  program reported i n  the fol-  

lowing pages,vas s ta r ted  i n  April 1967 to  include a se r ies  of dis-  
, . 

charge measurements a t  a selected powerplant. Flatiron Power and 

Pumping Plant i n  the Colorado-Big Thompson Project, colorado, was 

chosen for the study. A cooperative agreement was made between the 

Chief Engineer's Office and the Office of the Regional Director, 

Denver, and South P la t te  River Projects Office, near Loveland, 

Colorado, to perform the measurements using a turbine and pump a t  
- - 

Flatiron. 

- .  . - 
COLORADO-BIG THOMPSON PROJECT 

!scription 

The Colorado-Big Thompson Project (Figure 1 )  was designed to  diver t  

annually 310,000 acre-feet of surplus waters of the Upper Colorado 

River watershed to  the eastern slope a t  a maximrrm ra t e  of 550 second- 

feet .  , Surplus waters collected and stored on the western slope are 

pumped by two pumping plants, Willow Creek and Granby. t o  the level  

of Grand Lake then flow by gravity through Alva B. Adams Tunnel t o  ' ,  

eastern slope. - " 

Green Mountain Dam, Reservoir, and Powerplant below the project col- 







, of Estes Park and 4 miles south of the Big Thompson River, Figure 1. 

The plant develops power from regulated flows i n  the 1,110-foot f a l l  

from Rattlesnake (renamed Pinewood) Reservoir t o  Flatiron afterbay 

for  peaking purposes. Water flows from Rattlesnake Reservoir tl-rough 

the,Bald Mountain pressure tunnel to a 50-foot-diameter, 81-foot-high 

surge tank F a r  the ou t le t  of the tunnel. water flows :from the loca- 

t ion of the tan ugh awye  transit ion t o  the penstock valve house 

I" 
: , .. ... 

The valve house, located approximately 5,780 fee t  southwest of the . 
.. , 

* 
i- powerplant, i s  1,060 . feet  higher i n  elevation. ,,'I&' 84-iccW . . but terf ly  

'' , 

valves control  fldw into  the two penstocks, ~ i g  2.A and 3 ,  leading 
-. . - 

t o  the poweiplant, Figure 2B. . , 

watts i n  the powerplant, Figure 4. .These & e r a t o r s  are each driven 
:I 

" 514 , . revo+tions pe r - -dn~ te ' yb~~ ; ,  a ~ rkc i s - '&pe  turbine rated ~t - I . . 
48.,'&34,horse&mer . ~ ,  a t  1,055 fee t  for flows up to:about"&0 '53. The 

-. ,J 'r 

pump-turbiae qi t  is rated a t  13,000 hd_rsepdrJer t o  pump 370 c fs  a t  
i : - , ,> 

240 fee t  @t a speed of 300 revolutions per m 

turbine the ,uni t  develops 12.000'horsepower 

produce 8,500 kilowatts from the motor-generat 

- 



A. Flatiron Powerplant Penstocks - Butterfly valve house 
was about 300 fee t  behind the camera and Flatiron 
Powrplant (arrow) a t  the afterbay reservoir i n  the 
distance. Photo P245-D-60413NA 

B. Flatiron Power and Pumping Plant and channel to 
afterbay reservoir. Photo P245-700-1502 

PENSTOCKS AND POWERPIANT AT FLATIRON 

RADIOISOTOPE DISCHARGE MEASURWNTS 
KlGH-HEAD TURBINES ANI, PUMPS 





























Figure 10 

Shop assembly of movable and fixed sampling 
tubes on manway i n  shop (movable tube extends 
near Eloor (a ) ,  f ixed tube (b) t o  r i g h t ) .  
Photo PX-D-62906 

on   en stock - (a)  sampling l i n e  
l i n g  l i c e  from f ixed cube 

tanks 
rL,uLu. ,-,-u-wu-A, ,.., ,,,-D-60416 

PENSTOCK SAMPLING SYSTPl FOR RADIOISOTOPE-WATER MIXTURE 

RADIOISOTOPE DISCHARGE MEASUREXEmS 
HIGH-HEAD TURBINES AND PIMPS 









Figure 12 

A. Piezbmeter manifold and pressure  
reducer at i n l e t  t o  turbine  s p i r a l  
case.  photo P245-D-62879 

B. 1-inch pipe connection a t  
turbine  d r a f t  tube. 
Photo P245-D-60418NA 

SAMPLE TANK INSTALIATION AT 
TURBINE UNIT NO. 2 

ODIOISOTOPE DISCHARGE MEASUREMENTS 
HIGH-tlEAD TURBINES AM) PUMPS 

C. Centrifugal  pump and sample tank 
i n  powerplant near d r a f t  tube, 
s c i n t i l l a t i o n  de tec to r  i n  cen te r  
of tank. Photo P245-D-60417 



to the to ta l  head (velocity plus pressure) and the other or i f ice  

reacts only t o  a pressure head. A stuffing box threaded to  a pipe 

nipple on the penstock seals the pitometer and allows positioning 

of the or i f ices  i n  the penstock. 

Pour access pipes located a t  90- intervals 01; the penstock perimeter 

were provided during construction Eor insertion of the pitome te r  , 
Figure 13B. Two calibrated p i tmeters ,  one 4 feet  and the other 

7 feet  long, were used to  traverse from opposite ends of a diameter. 

The location of the or i f ices  on the radius was se t  by a premarked 

brass bar attached to  the pitometer stuffing box and to  the pitome- 

te r ,  Pigure 13A. The position of the or i f ice  on the radius could 

be accurately repeated, and the pitometer was held in  a known loca- 

ti& dur& the velocity measurement. A well-defined velocity dis- 

tr ibution was obtained by carefully adjusting the position of the 

or i f ices  in  c r i t i ca l  areas of velocity change. 

A U-tube manometer of 3/8-inch semirigid plas t ic  tubing was installed 

adjacent to  the penstock to  measure the differential  head created by 

re  13C. The manometer was equipped to  pro- 

ce the water colrnnns into the plas t ic  tubing 

tom the connecting l ines between the pitomete,r 



t er  

Pitometer inserted 
in to  6-foot -diameter 
penstock - Right 
angled handle used 
for pushing pitometer 
in to  pipe.  
Photo P245-D-60412NA 

Flush valve 

Air pressure t o  depress 
water columns 

': J - ~ a ~ i l l a r y  dampers 
/ 4 

C. Water manometer (see sketch) Fastened Dif ferent ia l  pressure 
to support near penstock. from pitome ter 
n o t o  P245-D-60411 

RADIOISOTOPE DISCHARGE MEASUREMEN8 HIGH-HEAD TURBINES AND YUMPS 





Turbine flowmeter d i f f erent ia l  prt 
sensara - (a) mercury manometer, I 
transducer and bypass. Photo P24f 
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carrier-type amplifier energized the transducer and conditioned the 



there was a continuity to  the t e s t s  and better conditions were 

maintained for power generation and sale. 
.::; 

" , 
i 

Radioisotoce Investizations 

ch program has been directed toward obtaining 

to  allow confident selection of the best radio- 
0 

'' active tracer.&/ After considering a long list of radioactive 

r has been reduced to a l i s t  of 11 comercially 

nvailable isotopes having a radiological half- l i fe  i n  the 1- to 9-day 

for limiting the half- l i fe  range from 1 to 9 days 

are to: (1) have a long enough ha l f - l i fe  v to  allow transport and use 

of the material a t  the f i e ld  s i t e  before too much act ivi ty  is  los t  

b y  decay; and (2) have a ~ h o r t  enough half- l i fe  so .that the residual 

radioactivity w i l l  soon be gone from the waters being measured a 

from the apparatus used ia the tes t .  
.., 

... 

T& radiati?nemission from the tracer must 9; include (7) rays. 

Even thou& the kresence of"amma radiation from concentrated solu- 

, the -. - 
warrants 









B. Sample tank containing 
detector and connected t o  
'penstock sampling system - 
Small plas t i c  tube a t  
entrance to tank used t o  
co l l ec t  samples for "inte- 

, grated" and "dilution" 
methods of  discharge 
measurement. P245-D-62883 

C. Decade scaler and timer for sampling 
stat ion a t  i n l e t  to turbine. P245-D-62884 



scalers are reset and restarted, a l l  within 10 microseconds. The 

information accumulated by the dsial-channel scaler is recorded in 

are read out to the parallel entry printer, along with the index 

d.; on t a p  ,f& playback a t .  another t ie .  















red from the flow- 

o the elbow of the 

but the radioactive 







was put i n  a sealed glass bott le and transferred directly from the 

bot t le  t o  the sample tank. Each bott le was rinsed i n  the sample 

tank t o  assure complete transfer of the calibrating solution. 

For a second ser ies  of measurements, February 21 and 23, that 

included the change i n  tracer handling procedure, a thi rd  counting 

system was placed i n  the Carter Lake valve shaft ,  Figute 26. This 

a counting system was installed to take advantage of the 6.044 fee t  

of pipe available for mixing the tracer and water. 

Discharge computations from the data of February 21 showed that  

excellent agreement was obtained between the spfral  case flowmeter 
1 
I, 

and the radioisotope measurement from $he valve ?haft sample, 

a 
Table 7cand Figures 28 and 29. The discharges col~puted from the 

samples taken a t  164 diameters for  the f i r s t  lrreasurement did not 

c agree ue11 with the flowmeter. The discharge computed f ix  the cen- 

t e r  was 3.05 percent larger than the £1-ter discharge and the 
. 

side 5.76 percent larger. The difference of 2.7 percent between 

was greater than encountered i n  the February 14-16 series.  





than the flowmeter. 

A wider variation was found on the third  measurement of February 21 

for  the 164 D sampling station,  Figure 28. The radioisotope method 

center sample shovad a discharge 1.77 percent greater than the flow- 

meter and the side sample 2.58 percent greater. The flowmeter dis- 

charge measurement differed by less  than 1 percent f rom the valve 

shaf t  measurement. 
I 

The measurements were continued on February 23. An equipment fa i lure  

i n  the mobile nuclear laboratory caused the loss of a measurement 

a t  the 164 D sampling station.  A ,basurement was obtained a t  the 

valve shaft ,  but the discharge value differed by nearly 3.5 percent] 

from the . flowceter. I n  . the-'second .. meesurement of February 23, a _ _  . 
,- . ., ,: * ..;' 3 .- . fi 

.communickt,ions f$lu~&~ causedsthe: loss of the valve shaft  measurement; ' 

I TAe discharges cmputed from samples a t  164 diamaters were i n  very , ." 
I 

about 2.5, percent. The t'hird and,;last measurement of the ser ies  

owed good agreementto£ discharges computed from .the three radio- 

tope samples and flowmeter. About 0.1 prcent.separated the dis- 

d from the two samples from 164 D measuring location. 

. Both of the disch ues were less  than 

- 







flow in both the pump and tutbine, confidence l imits  must be estab- 

lished' for  the flow measureme.-ts. Should the precisian of the 

radioisotope measurement be shown greater than for  the sp i r a l  case 

Continuing phases of the program w i l l  include modification of equip- 

ment and revision of techniques. 

The refinemontsjof techniques and e q u i p n t  w i l l  be applied t o  f i e ld  I 
I' 

measurements a t  Flatiron Power and Pumping Plant. Dischar* meas- 11 

rements w i l l  be made t o  obtain s t a t i s t i c a l  infarmation on the maxi- ! I I !I 

mum probable e r ror  i n  discharge t o  be expected'from the radioiso- 
I 
1. 
a 

3 
tope method. 

d accuracy with variat ions 

ationship of ' the 



of the pipeline. Discharge measurements w i l l  be made t o  es tabl ish 

the accuracy of the velocity method re la t ive  t o  those c i ted in the 

preceding paragraph. The investigation is included because the 

principles of the method are  simple and the method may be particu- 

l a r ly  applicable t o  certain configurations of panstock in powrplants. 

Studies to  devise a simple way of increasing the &ing of the tracer 

and p i p  flow wi l l  continue. These studies would r e su l t  i n  achteving 

complete mixing i n  shorter pipe lengths. The ahorter mixing length 
< 

is important i f  radioieotopa tracer methods are  t o  be applied t o  " 

exis t ing pmps and tunbines that  have less  than 100 dimeten,  of 

conduit length. 

'he use of t r i t i a t e d  water as  a t racer  is proposed for  use with 

I the integrated sample method. This method requiren retention of 

the sample for: laboratory analysis with the l iquid sc in t i l l a t ion  

counter. The process of l iquid sc in t i l l a t ion  eampls preparation 

w i l l  be carefully investigated t o  evaluate the reproducibility of 

resul ts .  The ure of tritium w i l l  provide the advantagen of :  

g procadures for  the t racer  i n  the f ie ld ,  (2) the 
\$\ 

of s r i t i c a l  mamuremntm eld r im ,  and (3) 

. allow the stockin f tritium for immediate use 
,- 
2 

titort significan dioactivity &&y . 

81 <, ii 
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The Bureau of Reclamation and Atomic Energy Commission a r e  cooperat- 
ing i n  research t o  determine t h e  f e a s i b i l i t y  of using radioisotopes 
f o r  measuring waterflows through high-pressure turb ines  and pumps 
t o  meet a well-established need f o r  a method which i s  highly accurate,  
simple, and inexpensive t o  apply. Achievement of t h i s  goal would pro- 
vide an improved t o o l  not now avai lable .  The p o s s i b i l i t i e s  f o r  r e a l -  
i z ing  economic gains from such a development wer? studied using t h e  
Bureau of Reclamation's program a s  a b a s i s  f o r  analys is ,  although 
t h e r e  would be opportunit ies  f o r  broader appl ica t ion  both na t ional ly  
and in t e rna t iona l ly .  

A b r i e f  appra isa l  of a l t e r n a t i v e  methods now used i n  gaging high- 
pressure waterflows indicated t h a t  the  pressure-time ( ~ b b s o n )  and t h e  
sa l t -ve loc i ty  methods a r e  i n  predominant use  by t h e  Bureau, with t h e  
former favored but applicable t o  turb ines  only. A pro jec t ion  of f i e l d  
appl ica t ion  procedures and hardware requirements suggests t h a t  sub- 
s t a n t i a l  savings i n  t e s t i n g  expenses over these  two methods could accrue 
t o  t h e  use of radioisotopes. This excludes expected reductions i n  shut- 
down periods not s p e c i f i c a l l y  evaluated but or' possible importance. Of 
t h e  t h r e e  measurements normally required t o  make acceptance t e s t s  of 
efficiency--pressure head, e l e c t r i c a l ,  and water discharge--the l a t t e r  
i s  t h e  most d i f f i c u l t ,  cos t ly ,  and l e a s t  accurate.  

The new method's advantages of s impl ic i ty ,  low cos t ,  and high precision 
could encourage rout ine  and more widespread t e s t i c g .  For ex i s t ing  
f a c i l i t i e s ,  t h e  a v a i l a b i l i t y  of addi t ional  data of grea ter  accuracy 
over a wide range of operat ing conditions and f o r  more than one un i t  
of a multiple-unit i n s t a l l a t i o n  could prove valuable i n  r e f in ing  oper- 
a t i n g  c r i t e r i a .  Bet ter  informtion permit t ing g rea te r  s e l e c t i v i t y  and 
cont ro l  of individual  u n i t s  a t  a given s i t e ,  o r  geographically separated 
i n s t a l l a t i o n s ,  could permit f u l l e r  u t i l i z a t i o n  of design machine caps- 
b i l i t i e s  and t h e  i n s t i t u t i o n  of more timely maintenance programs. 
Turbines and pumps may thus be made t o  run c lose r  t o  top  e f f i c i e n c i e s  
s o  t h a t  average eff iciency l e v e l s  a t ta ined  over a period of time could 
be  somewhat higher .  

An analys is  was made t o  determine t o  what extent  t h e  radioisotope method 
would be applicable t o  Bureau turb ines  and pumps constructed and under 
construct ion,  and t h e  monetary bene f i t s  t h a t  might be associated with 
small increases i n  ef f ic iency of 1 percent o r  l e s s .  Offse ts  agains t  
b e n e f i t s  d i c h  would need t o  be considered a re  t h e  addi t ional  cos ts  of 
t e s t i n g  and poss ib le  incremental cos ts  of r e p a i r s  t o  br ing  t h e  un i t  
back up t o  design capabi l i ty .  Added repa i r  cos t s  could be minimal a s  
t h e  ef fec t  may simply optimize the  timing of regular  maintenance 
programs. 



The analysis developed value data f o r  selected powerplants and plrmping 
plants covering a range of sizes. Bureau-wide it was found that of 
the  11,600,000 kw i n  t o t a l  powerplant capacity constructed o r  under 
construction, 3,000,000 kw were considered amenable t o  radioisotope 
flow measurements. Making these machines operate on the average 
1/2 percent closer t o  t h e i r  buil t- in efficiency potentials could yield 
capacity and energy valued a t  $250,000 annually, which would have a 
present worth of over $2,000,000 f o r  10 years. 

For pumping plants,  reduced costs of the radioisotope method may permit 
beneficial application t o  insta l la t ions  as small a s  5,000 hp; normally, 
f i e ld  tes t ing  is economically practicable f o r  only much larger sizes. 
Of the t o t a l  1,700,000 hp constructed o r  under construction, radioiso- 
tope flow t e s t s  may be applicable t o  over 1,000,000 hp. The potent ia l  
gain is considered greater for pumps because of greater d i f f icu l t ies  i n  
testing.  Thus an average annual yield of 1 percent more of machine 
efficiency the 1,000,000 hp i n  pumps could resul t  i n  a saving i n  pumping 
energy worth $150,000 which would have a present worth of $1,300,000 
f o r  10 years. 

The successful development of a waterflow measurement method which is 
highly re l iable  and has a probable inaccuracy of f .75 percent could 
have beneficial effects on the industry producing turbines and pumps. 
S t r i c t e r  standards that  are  enforceable could resul t  i n  elevating levels  
of machine efficiency specified and ultimately obtained. Under ideal  
conditions, accuracy of exist ing methods is considered re la t ively high; 
nevertheless, because t r ~ e  ra tes  of f low a r e  not known and f i e ld  con- 
dit ions vary, there are questions concerning accuracy of par t icular  
tests and whether some methods t e s t  consistently higher o r  lower than 
others. Penalty clauses now included i n  invitations t o  bid provide 
good examples of the value of f ract ional  efficiency losses i n  the  
event the  manufacturer f a i l s  t o  me$ specified standards. Value curves 
developed for  a wide range of plant sizes demonstrate the  economic 
importance of increases i n  efficiency of 1/4, 1/2, and 1 percent. The 
result ing benefits from gains i n  efficiency are sensit ive t o  ins ta l led 
capacity as it requires a f u l l  1 percent increase of efficiency and a 
minimum of about 5,000 kw i n  a turbine and about 4,OW 33 i n  a pump 
t o  produce an annual benefit of some $1,000. A t  the other end of the 
scale only a 1/2 percent increase in  efficiency f o r  a 1,000,000 kw 
turbine o r  750,000 hp pump could be worth $100,000 during the f i r s t  
f u l l  year of operation. 

Limitations of the  radioisotope method involve problems of achieving 
complete mixing of the solution i n  a relatively short-distance and 
potential  health hazards and public acceptance. The f i r s t  has res t r ic ted 
the number of ins ta l la t ions  subject t o  measurement and means tha t  a more 
costly multiple-point injection system may need t o  be used where less 
than 100 diameters i n  length of pipe are available. The second limita- 
t ion  is  nontechnical involving following proper safeguards and public 
education. h 



POTENTIAL EWWMIC BElPEFITS FK)M THE USE OF RADIOISOTOPES I N  
FIDW MEA-S TEOUGH HIQI-HEAD TURBINES AND PUMPS 

Introduction 

I n  the water-resource conscious ~ r l d  of today, making the best use 
of limited supplies is a challenge of high order. The ab i l i t y  t o  
accurately measure waterflow is  obviously v i t a l  t o  t h i s  process. 
Hydraulic flow must be precisely known before the highest level of 
efficiency can be demanded from machines transforming the work poten- 
t i a l  of fa l l ing  water into  mechanical and e lec t r ica l  energy or, the 
reverse, from energy-consuming machines *ich l i f t  water t o  where it 
can be beneficially used. The vexing problems of meking exac,tj'?eas- 
urements have a long history--for it was over 300 years ago LLU' 
Galileo marveled tha t  h i s  discoveries on the  movements of astonishingly 
distant heavenly bodies met with less  d i f f icu l ty  than investigating 
flowing water before h i s  very eyes. Though much progress has since 
been made, there is sti l l  a continuing and growing need f o r  a simple, 
cheap, and accurate way t o  gage large w a t e r f l m .  This i s  especially 
t m e  i n  attempts t o  measure discharges i n  closed conduits under pres- 
sure t o  determine whether turbines and pumps are  delivering the kind 
of performance f o r  which they were designed or  which i s  possible under 
current technology. 

The purpose of t h i s  report i s  t o  provide insight on the possible 
economic gains result ing from a measurement method u t i l i z ing  radio- 
active tracers.  Active research i n  t h i s  f i e ld  is well underway i n  
the Bureau of Reclamation's Engineering and Research Center a t  Denver 
with the expressed objective of developing a rapid, accurate, and 
inexpensive method of using radioisotopes t o  measure the ra te  of flow 
of water through high-pressure hydroelectric generating f a c i l i t i e s  and 
pump systems. The program i s  being conducted and financed i n  coopera- 
t i on  with the Atomic Energy Commission a s  a part  of the  United States '  
worldwide program t o  harness the atom f o r  peaceful and constructive 
uses. 

This study is based upon the potential  application of radioisotopes 
t o  the  Bureau of Reclamation's program of building and operating 
multiple-purpose water development projects.  The s ize  and number of 
turbines and pumps included i n  tha t  program are i l lus t ra ted  by the 
58 hydroelectric powerplants constructed and under construction having 
a t o t a l  capacity of 11.6 million kilowatts, and the 96 major pumping 
plants over 1,000 horsepower having a t o t a l  capacity of 1.7 million 
horsepower. Power revenues from operations i n  f i s c a l  year 1966 
amounted t o  over $100 million. Possible gains from an improved flow 
measurement method are, of course, not limited t o  the  Bureau's pro- 
gram. From a demonstration of potential  usefulness a t  tha t  program 
level,  however, it would naturally follow tha t  a multiplication of the 



effects  would stem from a broader application encompassing other Federal 
f a c i l i t i e s ,  s t a t e  and municipal wrks ,  privately owned features, and 
f ina l ly  water resource developments of other countries. 

This study w i l l  first survey the various alternative methods available 
f o r  water discharge measurements i n  high-pressure conduits, with empha- 
sis placed on Bureau practices. The second section describes the  radio- 
isotope approach and specific goals, including a projection of f i e l d  
application procedures and hardware requirements. A cost analysis fol-  
low comparing re la t ive magnitude of expenses involved i n  acceptance 
t e s t s  M r  turbines and pumps t o  determine machine efficiency levels. 
Possible benefits  on Bureau-operating projects from the widespread and 
frequent use of radioisotopes a r e  then generalized. And f ina l ly ,  poten- 
t ial  gains from application t o  new f a c i l i t i e s  are  considered. 

Alternative Methods of Discharge Measurements 

Accurate measurements of flow through hydraulic machinery are essent ia l  
i n  design and construction and f ina l ly  i n  actual operations. Together 
with measurements of pressure head and e l ec t r i ca l  output or  input-- 
depending upon whether it is a turbine o r  pump--the basis f o r  t es t ing  
machine efficiency is thus established. It i s  uuiversally agreed t h a t  
the  accurate measurement of waterflow is the most d i f f i cu l t  and complex 
aspect of t h i s  rating process. The finding of efficiency is of v i t a l  
in terest  t o  both the purchaser and the se l le r ,  as  it determines not 
only whether technical guarantees have been met but has iodustrywide 
ramifications on the quality of machines produced. In Bureau projects 
provisions are  made f o r  the assessment of stiff financial  penalties 
against contractors f o r  fa i lu re  t o  meet efficiency specifications as  
e f fec t s  may extend over the  l ives  of the hydro f a c i l i t i e s  normally 
designed f o r  a t l ea s t  100 years and which must show financial  feas ib i l i ty  
i n  50 years. &st of the  efficiency t e s t s  f o r  Bureau f a c i l i t i e s  are 
conducted as  a par t  of formal acceptance t e s t s  a f t e r  the completion of 
ins ta l la t ion.  

The universal in terest  i n  testing-machine efficiency resulted i n  
international codification of procedures and methods. It appears 
most recentlv i n  uublisbed Porn as  the "International Code for  the 

method. 

- - 

Field ~ c c e p k c e  i e s t s  of Gdraul ic  Turbines," 1963, by the Inter-  
national Electrotechnical Commission and recomeaded f o r  publication 
by 19 participating countries including the United States and the 
Union of Soviet Socialist  Republics. I n  establishing standards f o r  
efficiency t e s t s ,  methods identified i n  t ha t  publication which are 
pertinent t o  the problem of accurate flow measurements i n  high-pressure 
conduits are  (1) pressure-time ( ~ i b s o n ) ,  (2) salt-velocity, (3) dilu- 
t ion,  (4) current meter, and (5) p i t o t  tube. The use of radioisotopes 

2 as  presently conceived f i ts  under the th i rd  category, the dilution 



A choice of the method selected depends upon the par t icular  ins ta l la -  
tion--physical arrangements of intake mrks,  penstocks, manifolds, 
and turbines d i f f e r  and can present d i f f i cu l t i e s  i n  t e s t  equipment 

-, location and insta l la t ion.  Heads can vary over 1,000 fee t ,  discharges 
over 3,000 cubic f ee t  per second and pressure conduits 20 fee t  o r  more 
i n  diameter. I n  Bureau acceptance t e s t s  preference is given t o  t he  
pressure-time (Gibson) method f o r  determining waterflow6 through tur- 
bines. The salt-velocity method is used f o r  turbines *ere there  may 
be a question of val idi ty  of resu l t s  from the Gibson approach and 
almost exclusively on pumps since the Gibson t e s t  is not applicable 
t o  pumps. Brief descriptions of the various methods available f o r  use 
i n  acceptance t e s t s  are  presented i n  t he  following paragraphs. 

Pressure-time ( ~ i b s o n )  Method.--This method, patented by I?. R. Gibson, 
was devised t o  measure flows through a closed conduit o r  penstock con- 
t ro l led  by a valve, turbine, o r  regulating device located a t  the  down- 
stream end. Pressure variations are  measured between two pressure 
taps  located along a pipe section preferably 25 f ee t  o r  more i n  length. 
The variations are  determined over a measured period of time during 
which the valve o r  regulating device is closed. Changes i n  pressure 
a r e  automatically recorded on the chart of a recording device such a s  
the Gibson apparatus which photographs on a revolving f i l m  drum the 
movement caused by the pressure change of the  top surface of a column 
of mercury i n  a U-tube manometer. Equipment requirements are  modest, 
do not require ins ta l la t ion  inside the pipe, and the recording appa- 
ratus can conveniently be carried by one man. Use of the Gibson 
method requires specially trained personnel and i n  Bureau projects 
i s  now sccomplished on an outside contract basis. Since the recent 
expiration of the  patent, development work :s i n  progress t o  improve 
the recording of pressure-time diagrams. 

Salt-velocity Method.--The salt-velocity method developed by Professor 
C. M. Allen and M r .  E. A. Taylor is  based on the f ac t  tha t  s a l t  i n  
solution increases the e lec t r ica l  conductivity of water and tha t  a 
"slug" of brine flowing through a conduit t rave ls  a t  the same velocity 
as  the  water and does not lose i ts ' ident i ty .  A quantity of s a l t  solu- 
t i on  i s  forced into  the stream under pressure through quick-acting 
pop valves. After mixing i n  the stream, usually with the assistance 
of a turbuiator located inside the pipe immediately below the p i n t  of 
introduction, two o r  more s e t s  of electrodes located downstream detect 
the  passage of the slug of brine. The average flow velocity is cal-  
culated by measuring the speed of the  solution as it moves between 
the electrodes i n  the  pipe section whose in t e r io r  dimensions and 
characterist ics have been carefully determined. The Code specifies 
tha t  the first se t  of electrodes should be a t  l ea s t  4 diameters from 
the injection valves and the second se t  of electrodes a t  l eas t  the 
same distance downstream from the first se t .  The equipment i s  re la-  
t ive ly  large and complex; the injection f a c i l i t i e s  used by the Bureau, 



detectors make t h i s  method expensive. Bureau personnel and equipment 
are used for  project t e s t s .  

Dilution Method.--This method consists of introducing a known con- 
centrated solution of a t racer  a t  a steady measured ra te  into the 
main flow of water. The t racer  may be a solution of s a l t  or  dye. 
Through chemical or  fluorescence analysis the concentration of the  
f la r ing  water with the added chemical i s  measured a t  a point f a r  
enough downstream t o  ensure thorough mixing. No internal measurements 
of the pipe are required nor is it necessary t o  know the exact distance 
traveled. The t o t a l  flow i s  measured directly by identifying the amount 
of flowing water "taggedn by the t racer .  Only small amounts of dye are 
required. Presently available instruments cannot measure solution con- 
centrations t o  a high degree of accuracy. 

Primary disadvantages of the dilution method are achieving complete 
mixing, the requirement for  long lengths of pipe, and obtaining pre- 
c i se  measurements of t racer  concentration i n  the  diluted downstream 
flows. Recent work in  t h i s  f i e ld  has revealed indications of dye con- 
centration decreases due possibly t o  chemical reaction with elements 
i n  the flowing water. The advantages are tha t  simple injection and 
detecting f a c i l i t i e s  may be ut i l ized and tha t  no internal pipe measure- 
ments are necessary. The application of radioiootopes f a l l s  under the  
dilution method, but greater accuracy i s  anticipated as the radioactive 
t racers  can be nore easily detected and counted. 

Pi tot  Tubes.--The method involves making 0 b s e ~ a t i o n S  of velocity heads 
through the use of a tube'having a short right-angled bend placed ver t i -  
cal ly  in  the flow with the bent part  o r  sensing end pointed i n  the 
direction of the flow. Average velocity i s  determined by measuring a 
sufficient number of points i n  a known cross-sectional area of the  
conduit. The average velocity r d t i p l i e d  by the cross-section area 
determines the discharge. Reinforced pitometers have been success- 
f u l l y  used i n  pipes up t o  5 fee t  i n  diameter w t h  flow velocit ies of 
5 t o  20 feet  per second. By probing from access points on both sides 
of the pipe, flows i n  even larger pipes can be measured. The prin.cipa1 
disadvantages are that  it i s  time consuming and relatively large forces 
push'on the tube when flow velocit ies are high making it d i f f icu l t  t o  
position and secure the instrument. The resulting ins tab i l i ty  causes 
inaccuracies. P i t o t  tube openings axe usually small so tha t  sediment 
and t rash can plug tne tubes. Flows must be steady f o r  a sustained 
period t o  insure proper readings. 



o n d u i t i n  order t o  measure the 
a cross section i n  a manner similar 

t o  the:,pitot tube. Several configurations of propeller-type meter& 
are availableibut t h e i r  i n i t i a l  cost plus the  costs of p!;a~ement 
calibration, maintenance, and data analynis make t h i s  method rela-  
t i ve ly  expewiGe. Accessibility f o r  ius ta l la t ion  of the  meters and 
anchoree assemblies i s  also a problem. The current meter method i s  
used i n  m o p e  but has not been exkensively adopted i n  the  United 

Accuracy of Flow Meawsements i n  Determining ~fficiencies.--The accu- 
racy of flow measurementsof the  various methods c a ~  be high under 
ideal  conditions enp1oying:trained personnel and using properly selected 
installed,  and maintained equipment. The International Code fo r  f i e l d  
acceptance t e s t s  present& as  a guide the following ratings of probable 
inascuracj.es i n  the  determination of flow. 

Method Probable inaccuracy 

Pressure-time- (Gibson) + '1.0 percent 
Salt  -velocity f 1.0 percent 
Dilution i n  penstocks f 1.5 percent 
P i to t  tube t 1.5 percent . 

~ Current meter f 1.5 percent 

To identify overall  probable inaccuracies i n  tes t ing  machine e f f i -  
ciency, the  possible errors i n  measurements of pressure head and 
e l ec t r i ca l  output must also be considered. Normally these two 
measurements are .not considered d i f f icu l t  and resu l t  i n  probable 
inaccuracies of * 1 percent o r  less .  When a l l  factors  are combined 
the overall  -determination of efficiency is considered subject t o  a <, 

. probable inaccuracy of t 2 percent o r  more depending upon the method k: 
and success of the  waterflow measurement. A 

sts on which of the  
most accurate. . Con- 
; no doubt a l l  methoas 

e of u se .  AS t m e  rates  of water-' 
e not actually known, it would appear 
e f i e l d  t e s t i ng  aiould prove enlighten- 
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carefully carri;d out various methods can give differences of several 
percent. Also tha t  it would be unwise t o  draw general conclusions as  
t o  which methods are l ike ly  t o  read high o r  low u n t i l  similar compara- 
t i v e  t e s t s  are made fo r  many different ins ta l la t ions  under controlled 
conditions. 

+. 

The development of a simple and inexpensive,method, permitting.re?eated 
and -widespread tes t ing  with aminimum of disruption of operations, could 
provide a ready%eans for  evaluating performance. Basic accuracy is ' 
'of course dependsnt upon the degree of inherent e r ror  i n  the measuring 
systen; however, the ease with which a suitable number of samples over . '  

. a  wide range of conditions may..be obtalned with the radioisotope method 
could reduce the s t a t i s t i c a l  error among the number of observations. 
The degree of precision t o  which mdern scintillometers have been 
developed may substantially enhance t h e  basic accuracy of the measured 
data. The development of an improved method would provide a too l  not 
only useful i n  i t s e l f  but a lso as  a check.on the performance of other 
approaches. The application of radioisot&es holds promise i n  t h i s  , 

regard. 

A passing notation is made of a differer.G..approach~to tes t ing  e f f i -  
ciency used i n  some European countries uiiich is referre,d t o  as  the  . . 
thermodynamic method which incidentally was also tested i n t h e  Finlarig ,,: 
study. It is considered t o  be particularly suited t o  heads of about. 
500 feet  o r  more. Determinations of efficiency are made d i r ec t lyby  . 

' 

measuring temperature dif fe ient ia ls  of f l a r s  through the turbine. .., 
Hydraulic losses have the .  eff ect  of s l ight ly  raising the .temperature' . 
of the f luid .  Pressure &d'temperature measurements combined with 
the knowledge of certain thermodynamic properties of the liquid enable 
theydi rec t  determination of hydraulic efficiency. The mechanical ::., 

losses must also be evaluated. Probable inaccuracies are considered 
comparable t o  the -more accurate-procedures discustied~previously. 

.~., 

The Radioisotope M e t h s  .- 

A s  mentioned before, t3e u t i l i za t ion  of radioactive t racers  f o r  t h d  
rposes"of waterflow measurement is a variation of the dilution method. 
stead of t h e  conventional uses of s a l t  o r  dye,..fhe degree of dilution 
obtained by counticg the  gamma (or beta) .ray 'emission of ra4ioiso- 

topes with &ige r  counters o r  scint i l la t ioi l  counters. This application 
of nuclear technology'should add greater precision t o  the  dilution .. 

. , 

approach because of the  presence2ofhighly detectable t racer  materials, 
even though very small quanti t ies are employed. A s  shown graphically 
i n  Exhibit 1, the injection &id ,sampling system now under development 
would add simplicity and economy t o  water-m ment techniques. 

.. : 

*. .., . 
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Three different approaches t o  the measurement of radioisotope con- 
centrations o f f e r  opportunities f o r  improvements i n  accuracy. These 
a rc  the conventional dilution approach, t he  t o t a l  count method, and 
the integrated sample method. In the first, a radioisotope solution 
of a known concentration is injected a t  a steady ra te  and the con- 
centration is counted downstream. Unlike the dilution approach where 
the absolute quantity injected need not he known, the t o t a l  count 
method requires tha t  the  radioactivity he completely quantified since 
the solution i s  injected-as a pulse. A dormstream detector and 
recorder sums up the radioisotope emissions during the passage of 
the  pulse'. The integrated sample method i s  a variation of the t o t a l  
count approach where individual samples are continuously withdrarm 
fromthe flow f o r  a period s ta r t ing  shortly before injection and con- 
tinuing f o r  a short time a f t e r  the  t racer  has passed the point of 
sampling. 

A s  with other materials used i n  the  dilution approach, achieving com- 
p l e t e  and thorough mixing of the  radioactive material is a c r i t i c a l  
factor  i n  the  outcome of the  measurements. The distance required 
between the points of injection and measurement can detennine the  
type of injection equipment required and whether it i s  feasible to1 
attempt an application of radioisotopes. Where adequate mixing can 
be assured, the  radkoiaotope method should work equally well on 
turbines and pumps. By taking advantege of the turbulence produced 
by passage through pumps, some opportunities are  present f o r  accel- 
erating the mixing process. 

Hardware Requirements.--The amount of radioisotope solution needed ---, 
fo r  a par t icular  t e s t  i s  w a l l  ( 1  - 10 l i t e r s )  so tha t  the injection 
equipment can be relatively simple and compact. Depending on the 
method used i n  detection, two types of injeztion systems are used. 
One is f o r  application a t  a constant measured ra te  and the  other f o r  
pulse injection of a measured quantity rapidly under high pressure. 
The feed plmrp f o r  constant ra te  injection wu ld  weigh about 80 pounds 
and would be capable of producing a steady discharge (mi l l i l i t e r s  per 
hour) a t  pressures up t o  5,000 psi .  Tne pulse injection apparatus 
would consist of pressure cylinders and valve? mounted on a single 
portable rack and would be charged by compressed air o r  nitrogen. 

,-/The t o t a l  weight of the  pulse injection apparatus would agproximate 
150 pounds and could be installed by one man. Average i n i t i a l  cost 
f o r  e i ther  of these systems wu ld  be about $1,000. ,> - 
The equipment items discussed i n  the preceding paragraph are pressure 
generating f a c i l i t i e s  exterior t o  the  pipe. These wu ld  be used i n  
connection with a single-point injection system where the solution is  
introduced in to  a tube, about three-fourthe inches i n  diameter, thrust  
through a watertight seal  t o  the centerline of the flow. Present 

. 



indications are that  single-point injections can be employed a t  
ins ta l la t ions  where 100 or  more pipe diameters i n  length are avail- 
able f o r  mixing the t racer  i n  flowing water. 

When less  than LOO pipe diameters i n  accessible pipe length are avail- 
able, a m~ltiple-point injection system w i l l  more l ikely be required 
which would make introduction of radioisotopes more complex and time 
consuming. However, simpler techniques such as very high-pressure 
injection are under study. Although on a smaller scale, because of 
the relatively smaller amount of solution required, a multiple-injection 
system for  radioisotopes would be quite comparable t o  the  corresponding 
salt-velocity system. Provision must be made for  i n i t i a l  dispersion 
of the t racer  a t  a number of discharge points through the cross section 
of the pipe. Although i n i t i a l  costs are greater, the  important dis-  
advantages of the multiple-point injections are the  requirements for  
ins ta l la t ion inside the pipe and the possible disruption i n  operations. 
The relative costs of the single- and multiple-injection systems are 
analyzed i n  the  next section. 

Counting and recording instruments must be highly accurate and reliable 
f o r  precision measurement of radioactive concentrations. Investiga- 
t ions  disclose that  these instruments should be 60-cycle, line-operated 
because portable battery-operated sources of power are subject to. 
irregular performance. A l i s t  of counting and recording instruments 
would include a high- and low-voltage power supply source, electronic 
scaler, analog recorder, d ig i ta l  printout, and radiation detector. 
I n i t i a l  cost of these f ac i l i t i e s ,  a l l  presently available, would be 
about $10,000 and with proper care should have a service l i f e  of some 
10 years. The instruments are relatively small and compact and can 
be easily transported and installed a t  the f ie ld  s i t e  by one man. 

Accuracx.--One of the goals of the research program on the use of radio- 
isotopes is t o  improve the precision of waterflow measurements i n  addi- 
t ion t o  the objectives of quick and simple application a t  low cost. 
Under ideal conditions, probable inaccuracies of the best methods now 
being used are indicated t o  be ? 1 percent. Development of the radio- 
isotope method is directed toward achieving a probable inaccuracy of 
?: 3/4 of 1 percent. As discussed la te r ,  small percentage gains i n  
accuracy i n  the f ie ld  of hydraulic flow measurement may result  in  
important financial and economic benefits. 

Limitations.--Two important limitations t o  radioisotope application 
are accomplishing complete mixing of the radioactive solutions i n  
the pipeline and licensing requirements because of possible health 
hazards i n  handling and the release of radioactivity t o  the  environment. 

The problems of mixing the t racer  i n  the  pipe flow can limit applica- 
b i l i t y  and increase the complexity of the f a c i l i t i e s  required. The 



breakover point i n  mixing distance required i s  anticipated t o  be 
100 diameters i n  pipe length. More elaborate mixing devices, longer 
shutdown Teriods, and increased expense would be required with the 
shorter distance unless present effor ts  t o  develop other techniques 
are successful. When the length of accessible pipe f a l l s  below about 
25 diameters it i s  not expected that  the  radioisotope method can be 
successfully applied. (This condition also poses problems f o r  the 
salt-velocity method.) With regard t o  pumps, there is the possibi l i ty  
of injecting the t racer  materials i n  the  intake which could f a c i l i t a t e  
mixing from the additional turbulence and reduce the length of pipe 
required. 

A Federal license is required t o  handle the  radioactive material, t o  
insure proper radiation shielding bile shipping and handling. The 
release of radioactive solutions t o  public water supplies requires 
the formal approval of local ,  s ta te ,  and i n  most cases Federal author- 
i t i e s .  When domestic and municipal uses are involved, some d i f f icu l t ies  
i n  securing permission may be encountered. When properly informed of 
the safeguards undertaken, objections from private or  public bodies 
are expected t o  be reduced t o  a minimum. The t racers  now being used 
are  old-198 with a radioactive half l i f e  of 2.7 days and Bromine 82 
with a radioactive half Pife of 1.5 days. The maximum concentration 
released t o  the flow would be only a small fract ion of the r igid  
standards controlling the amounts of radioactivity permitted f o r  human 
consumption. A s  with other radioactive materials, such as those now 
direct ly  injected i n  the human body f o r  medical diagnosis, public 
acceptance of the use of radioisotopes for  waterflow measurement pur- 
poses is keyed t o  the success of educational programs and good public 
relation practices. 

Current Status of Radioisotope Studies.--The l a s t  decade has seen an 
increased use of radioisotopes for  flow measurement in  both open and 
closed conduits. Generally, however, flow measurement i n  pipe has 
been confined t o  small-diameter low-pressure water; o i l ,  and other 
l ines.  

Previous studies by the U.S. Geological Survey i n  cooperation with 
the Atomic Energy Commission and the Tennessee Valley Authority have 
shown the radioisotope method promising with large low-head turbines 
and with a possible inaccuracy of about * 1 percent .g .Considerable 
work has been done i n  the United Kingdom on perfecting radioisotope 
techniques for  measurement i n  pipe using both dilution- and velocity- 
type techniques. Recent investigations on flows i n  small-diameter 
pipes indicate probable inaccuracies well within % 0.5 percent can 
be obtained c o n s i s t e n t l y . ~  

V r e d e r i c k ,  Bernard J., "~easurement of Turbine Discharge with 
Radioisotopes, " 0'cf ober 1964, USOS Report TEI-855. 

United Kingdom Atomic Energy Authority, 
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An analysis was made t o  provide the re la t ive order of magnitude of 
t o t a l  costs incurred f o r  formal acceptance t e s t s  of efficiency and 
the  proportions associated with the more d i f f i cu l t  waterflow measure- 
ment phase. For comparative purposes estimates were predicted f o r  
the  radioisotope method based on best information available assuming 
a routine application. The two conventional methods selected f o r  
comparison are the ones now i n  predominant use by the Bureau i n  tes t ing  
high-head turbines and pumps,. the pressure-time ( ~ i b s o n )  and the s a l t -  
velocity methods. A s  indicated previously where physical conditions 

The Bureau's study i s  exploring an area of measurement of very large 
flows i n  closed conduits under high heads using the shortest  possible 
length of pipe without sacr i f ic ing a high degree of precision and the  
economy and convenience associated with radioisotope flow determinations. 
Problems of injection, mixing, and sample collection and measurement 
are compounded by the large flows and heads. Current f i e l d  studies a t  
Flatiron Powerplant, Colorado, are  pointed toward f i e l d  tes t ing  of equip- 
ment and procedures, establishing re l iab i l i ty ,  identifying areas for  
fur ther  improvement, and studying trace* mixing. The resul ts  t o  date 
are approaching the goal of probable inaccuracy of l e s s  than 2 0.75 per- 
cent. Field t e s t s  of the  method have proven successful and additional 
measurements are planned f o r  a pumping uni t  a t  the  Flatiron Plant i n  
order t o  gain comparable data on the application t o  pumps. Laboratory 
and f i e l d  studies are continuing i n  order t o  fur ther  perfect equipment 
and f i e l d  procedures, and t o  further define the l imitations of length 
of pipe imposed by mixing requirements. 

Cost Analysis 

An important objective of the radioisotope approsch is t o  achieve 
simplicity and economy i n  application. This accomplishment wouLd 
meet an expressed need and could encourage more frequent t es t ing  of 
turbine or  pump capabi l i t ies ,  especially on operating projects. 
Insofar a s  new f a c i l i t i e s  are  concerned, the  mount of cost involved 
i n  water discharge measurements is  not as an important factor  i n  deter- 
mining whether acceptance t e s t s  of new f a c i l i t i e s  w i l l  be made, since 
t e s t i ng  is a prerequisite t o  contract completion and represents a 
small f ract ion of the i n i t i a l  investment required. However a signif-  
icant reduction i n  t he  cost o r  complexity of making accurate flow 
measurements could influence the present practice of t es t ing  a t  random 
only one machine of a multiple-unit ins ta l la t ion.  A s  discussed sub- 
sequently, possible minor variations of efficiency among uni t s  (a 
f ract ion of 1 percent), and identification of optimum operating char- 
ac t e r i s t i c s  peculiar t o  specific units  over a range of heads could 
justify tes t ing  more than one unit  if t he  associated costs, incon- 
veniences, and shutdown time were reduced t o  a minimum. 



permit, the  Gibson method is favored f o r  turbines; the salt-velocity 
method is used f o r  a l l  pumps and f o r  some turbines. 

Because each t e s t  must be engineered t o  f i t  the  particular ins ta l la-  
t ion  involved, the estimated costs shown f o r  the two methods i n  Table 1 
must be considered approximate. 

Table 1. Comparison of typical  costs of formal acceptance 
t e s t s  for  a single turbine-generator unit  using the pressure- 
time and the salt-velocity methods of flow measurement 

Pressure-time Salt - 
Item ( ~ i b s o n )  velocity 

I I 

Water discharge measurements $ 9,000 $ 7,700 
Pressure head measurements 700 700 
Electrical  measurements 2,5c4J 2,500 
Brochure and report preparation 2,800 2,800 
Test supervision 1,600 1,600 

It i s  apparent f romthe estimates tha t  the major portion--about one- 
half of the tota ls-- is  for  measuring discharges v i th  the  balance 
common t o  a l l  acceptance t e s t s  regardless of method used i n  determining 
flow. It is noted tha t  a l l  costs of the  salt-velocity application are 
f o r  Bureau labor, materials, and supplies and include minor deprecia- 
t ion  expenses on about $5,000 of reusable equipment. I n  the  Gibson 
estimate about $6,000 i s  included for  outside contractor fees. Inasmuch 
as  the  Gibson patent r ights  have expired, consideration i s  being given 
the Bureau t o  develop necessary equipment t o  conduct i ts  own pressure- 
time t e s t s .  Hardware requirements are  considerably l e s s  than those 
necessary f o r  the salt-velocity method and it is expected tha t  a t  some 
future time costs for  the pressure-time approach can be reduced. 

The estimates of the potential  costs f o r  the  radioisotope method assume 
tha t  a small cadre of technicians would be trained i n  handling the 
required radioactive t racers  and the counting and recording instruments. 
One trained and experienced technician vould be available i n  each region 
and wu ld  secure the necessary f i e l d  assistance from operating personnel, 
preferably located a t  the s i t e .  A l l  instrumentation and special equip- 
ment would be centralized a t  one location i n  the region and be designed 
f o r  maximum portabi l i ty  and rapid installat ion.  'hu estimates e r e  
prepared, one reflecting the use of a single-point injection system 
where the penstock o r  discharge l i ne  has the  equivalence of 100 pipe 
diameters i n  length accessible f o r  t es t ing  and the other requiring 
multiple-point injection which would have much wider application 
where as  l i t t l e  as 25 pipe diameters i n  length are available. A summary 
of significant elements of cost for  radioisotope water measurements is 



Table 2. Predicted costs for  radioisotope method for  waterflow 
measurement 

Single-point Multiple-point 
Item indection injection 

Labor $ 700 $1,100 
Tran?portation and t rave l  expenses 200 200 
Radioisotope 300 300 
Engineering design and fabrication 

of f i t t i n g s  and pipe 300 1,500 
Depreciation of equipment - 300 3 

$1,800 $3,400 

A s  indicated i n  the preceding table ,  the single-point injection routine 
would require minimum labor and hardware costs. It is  expected tha t  a 
major share of the  labor costs w i l l  be f o r  local  operating personnel, 
a s  it i s  expected that  the  regional technician would direct  and ass i s t  
ins ta l la t ion of equipment on the first day, perform the radioisotope 
injections and measurements the seconeday, and reduce the data and 
remove the equipment on the th i rd  day. By use of automatic recording 
instruments the t e s t s  can be conducted with a minimum of time and 
effor t .  The multiple-point injection system would require dewatering, 
design and insta l la t ion of a more elaborate injection assembly, and 
consequently additional expense i n  labor and material. 

An important factor bearing on the appraisal of costs not recognized 
i n  the  preceding estimates is the relative shutdown time required 
under the various t e s t  procedures. This can be a crucial item for  
turbines and pumps i n  continuous operation. Interruption of operations 
is  not as  important i n  formal acceptance tests,bffause internal inspec- 
t ion  of water passages and v i t a l  .- parts  of the machinery is a required 
procedure. 

An array of methods according t o  the length of shutdown period would 
r a t e  the salt-velocity as  the most demanding because of i ts  elaborate 
injection, mixing, and detection devices tha t  must be placed inside 
the  conduit. The pressure-time (Gibson), p i t o t ,  and radioisotope 
methods would require significantly l e s s  time. In t h i s  regard, a sig- 
nificant advantage would accrue t o  the single-injection radioisotope 
procedure, as  shutdown can be greatly minimized and possibly altogether 
eliminated if advance provisions were made for  the  relatively inexpen- 

. s ive  taps and f i t t i n g s  permitting access t o  the pipe under pressure. 
l e  injection of radioisotopes wo~l:l- '  be more time consuming but 
would require l e s s  time than the salt-velocity mthod. 



The photographic comparison presented i n  Exhibit 2 provides perspec- 
t i v e  on the re la t ive size of the f a c i l i t i e s  required for  application 
of the  salt-velocity method and the radioisotope method. It is noted 
tha t  only those instruments necessary f o r  the  radioisotope t e s t  have 
been blocked out on the instrument panel of the mobile nuclear lab- 
oratory. The especially equipped truck i s  used for  performing f i e ld  
t e s t s  using radioisotopes i n  ground-water studies, open-channel Plows, 
as well as  i n  studies of flows i n  high-pressure conduits. 

Routine checks of efficiency could involve considerably less  cost than 
the t o t a l s  shown for  a complete and formally documented acceptance 
t e s t s .  The costs of brochure and report preparation and t e s t  supervision 
shown i n  Table 2 could be reduced substantially and, i n  those instances 
where there i s  a lack of information on efficiency and l e s s  accuratef 
data are  useful, the expense of the  e lectr ical  measurements can be mate- 
r i a l l y  decreased by using the instruments normally available i n  record- 
ing day-to-day operations. These reductions together with the possibil i ty 
of reducing conventional water measurement costs by three-fourths t o  
one-half with a minimum of shutduwn time should make the benefits from 
accurate flow measurements from using radioisotopes within reach of many 
operating hydroelectric and pump projects having a wide range of installed 
capacities. Since the costs appear attractive,  the next step is t o  ana- 
lyze the possibi l i t ies  for  widespread use from both an economic and 
physical viewpoint in  order t o  get some insight on potential benefits 
from radioisotope application t o  operating and new prodects. 

Application t o  Operating Projects 
. . 

One of the most promising opportun[eies for  use of the radioisotope 
method of flow measurement l i e s  i n  the potential widespread applica- 
t ion t o  existing projects. The provision of highly accurate and 
readily available discharge data on flows in  high-pressure conduits 
over the wh6le spectrum of operating conditions could result  i n  bet ter  
ut i l izat ion of existing machine capabilities. Substantial benefits 
could result  from the use of a new measuring tool  not now available by 
capitalizing on small increases i n  the overall average efficiencies of 
turbine-generators and pumps operated over a period of time, and from 
bet ter  control of available water supplies. 

Powerp1ants.--Often the only precise information on the performance of 
a particular turbine-generating unit i s  the results  of the efficiency 
t e s t  made a t  the time of acceptance on completion of the fac i l i ty .  
Inasmuch as acceptance t e s t s  are oriented toward determining that  war- 
ranties have been met, optimum operating c r i t e r i a  are assumed and t e s t s  
are not scheduled unt i l - the  design head is reached. (Under some rela- 
t ive ly  rare circumstances, such as occurred 8.t Glen Canyon Dam, the 
design head might not occur un t i l  a f te r  the supplier's guarantee on 
efficiency has lapsed.) Day-to-day and month-to-month operations over 
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EXHIBIT 2 
Comparison of equipment for sa l t  velocity and prospective radioisotope 
methods for high-pressure flow measurements. 

SALT VELOClTY..lnieoion Equipment 

Brine Injection Station Photo P416-D46696NA 

~ u r b u l ~ t o r  Photo 416-D-56705NA 
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EXHI BIT 2--Continued 

Comparison of equipment for salt velocity an6 prospective radioisotope 
methods for high-pressure flow memrements.  

SALT VELOCITY-.Omion 8. R.cding Equipmd 

Electrode No. 1 (2 required) Photo P416-D-56706NA 

Flow Sampling Tank and Nuelear  Detector 
Photo PX-D-55948NA 

Two-Chsnncl Dircct Wdlina Recorder 
Photo P416-D-56699NA 

Nuclsor Counting Equipment in Mobile Labomtw- 
Inatrurnenls necessary Tor Ilow rneanurernent Inside 
bordered area. Photo PX-D-55953NA 



range o f  conditions. 

I n  those projects ?&ere efficiency t e s t s  have been completed and flow- 
meters installed and calibrated, performance characterist ics cln be - extrapolated with accuracy within some reasonable margin of the t e s t  
point. When operating heads depart significantly from the design head, 
l e s s  accurate calculations and approximations on re la t ive efficiency 
of the turbine-generators must be re l ied upon. Furthermore, many of 
the older projects do not have the benefit of calibrated flowmeters. 

The time lapse between the i n i t i a l  ins ta l la t ion,  a t  which time t e s t s  
are  made, and c~rrent..~;jerations can a l sc  adversely affect  performance 
due t o  wear and t ea r  on the machines, Physical inspection and measure- 
ment of wearing parts of the  turbine and available flow indicators can 
indicate possible losses i n  efficiency but it is questionable whether 
reduction of a few percentage points can be detected i n  t h i s  manner. 
Thus the timing of repairs necessary for  restoration t o  i n i t i a l  e f f i -  
ciency levels may not be a t  optimum intervals.  An improved and 
convenient method such as  radioisotopes may offer  would f a c i l i t a t e  
inspection. 

Using available information, performance curves for  powerplants are 
normally prepared f o r  each insta l la t ion covering the f u l l  range of 
operating conditions and become,the basis for  selecting specific un i t s  
needed t o  meet certain demands. In many systems power generation is 
greatly influenced by water releases f o r  other purposes. Where there  
i s  a choice of making the necessary water releases through two o r  
more geographically seperated insta l la t ions  or individual uni ts  within 
an insta l la t ion,  the logical  selection would, of course, be t o  u t i l i z e  
the best machine available t o  get the most kilowatt-hours out of a 
given quantity of water. On the other hand, when e lec t r ic  energy is 
the primary purposes for  releases of water the most eff ic ient  plant-- 
if it can be identified--would be e-llled upon t o  produce the required 
power with a minimum of m t e r  t o  avoid unnecessary waste. Power con- 
t r a c t s  may specify t he  amounts t o  be delivered under certain water 
supply si tuations,  especially during dry periods. In these circum- 
stances, there  are d i s t inc t  advantages in  being able t o  predict 
turbine performance within a small percentage of error under condi- 

, t ions  which may widely d i f fe r  from those exist ing a t  the time accept- 
ance t e s t s  were conducted. 

The avai labi l i ty  of an accurate and inexpensive means.to measure flow 
dischsrges could permit the  ins t i tu t ion  of a program cal l ing for  
periodic and routine tes t ing of efficiency so that  the performance 
characterist ics of individual turbine-generators could b'e precisely 
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- 
as  accurate basic data would-be afhand t o  analyze the tradeoff 
between the incremental expense of  making necessav repairs /md , ' 
adjustments, and potential  gains i n  power revenues. Optimiz'#tion 
of maintenance programs could meanan average increase i n  co$tp from 
scheduling repairs a t  more frequent interva'ls; on the other hand, it 
is possible that  precise efficiency data may show tha t  economies can 
be gained by lengthening the' lnterval.  ;<, 

, . 
.u 

, . 

Before estimates of 'poi&tial benefits can b?: reduced t o  :dollar4 and 
cents, the  extent t o  which the raaioisotope'can be applied t o ; p h e r -  
plants in  the Bureau's program must fi,rst be determined. :The current 
list of 58 powerplants constructed o r  wder  construction having a 
t o t a l  capacity' of 11 -6. million kw was: screenedto make t h i s  deteruiina- 
t ion.  A s  mentioned ear l ie r ,  the 'lengt&:and ..ac$essibirity of high- 
pressure penstocks a r e  important factors in  "anisw~eriq. the question oP'. 
applicability. This limitation resulted - in  the  ~el.imination,,of a number 

'. 1. 

of concrete dams having short penstocks. It i s  not6w&chy tha t  among 
the larger plants excluded were Hbover and the C-rand Coulee, develop- 
ments, as  current research effor ts  . s ~ i g ~ e s t  that: the radioisotope " 

method cannot be expected t o  perform . . with accuracy for  these projects. 

%.total  of 21 powerpiants having a combined installkd capacity of 
3 million kw were deliceated as  having a reasonable chance f o r  s&.<.- 
cessful application of radoac t ive  t racers .  A further ihspectio.? 
disclosed the re ls t ive ,  influence of the penstock length r e q u i r e &  
of LOO diameters by identifyiag those p i a n t s  susceptible t o  the us 
of the simple and l e s s  c&tly single-jnjection s y ~ t & m . ~  Although i 
was found that  only one-third-of.!the insta l led capacity suj ject  t o  
radioisotope a p ~ l i c a t i o n  f e l l  in$?s preferred'.'category, two-thirds 
of the t o t a l  number.3T plants were covered. This finding has its 
favorable side as a large~number of the smaller units  m r e  included 
which could bet ter  afford the less  expensive single-injection approach. 
The category requiring the more expensive and complex multiple-injection .. , 

assemblies. encompassed larger plants such as  Glen Canyon, Shasta,' 
Yellowtail, and Hungry Horse wh;,ch, of course, could more readily absorb : :! 

the  greater expense involved butdmight st211 be. disadvantaged due t o  <.:,k, 
',.. ~ shutdown requirements. . . ~  

,, 

Several value cgives were developed t o  t e s t  the hypothesis that  a 
small fraction of an increase i n  efficiencies f o r  turbine-generators ' 

can produce substantial  economic benefits. Since large Federal invest- 
ments have already been committe8, any incremental cost,would be 
res t r ic ted t o  additional testing,  modifications of machines over and * .  
above tha t  now incurred, o r  refinements i n  operating techniques. It 
is noted, tha t  an increase of 1 percent i n  the  rated efficiency of a ',I 

.,.= 
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. a gain-of rated efficiency Prom 90 t o  91 percent means an overall 
gain i n  productivity of i/90, which equals 1.11 percent. The value 
determinations i n  t h i s  report reflect  the overall  effect  on e lec t r ic  
power production (or consumption i n  the case of pumps). 

A s  presented i n  Exhibit 3, separate. curves were ;computed for  possible 
increases i n  machine efficiencies of one-fourth and one-half percent 
covering the 3 million kw in  the Bureau's program subject t o  the  ,'i 
radioisotope flow measurement method. The amounts shown on the left 
scale are  values a t  the  time improvements are f i r s t  made reflecting 

. . "present worth" .using the current Federal in terest  ra te  for  water 
.- .[{ 
.; resource developments of 3-1/4 percent. The bottom scale indicates 

the  nuthber of years benefits might.. accrue. Thus from the. curves it 
canbe  readily determined howmch one is willing t o  pay'today f o r  
increased mschine efficiency tha t  would l a s t  a specific p ~ r i o d  of 
time; for  example, a one-half percent increase in  overall-'efficiency 

;- las t ing 10 years would have a present value of '$2.2 million. For the 
first year at  the same increase i n  efficiency the value would . .. ; be about 
one-fourth? of a mi1li.on dollars. ..z. - .& . . . . .. . 
These values are  based on generalized assumptions regarding plant 
factor  and power ra tes  per:.l?whr. These factors d u l d  actually vary' !: .. among major river;bak,ins as  well as individual projects,  The use of . ~ 

.. . 

ra tes  representing' power revenues introduces some conservatism i n  the 
.study, fo> in  many instances, the ra tes  are below average market prices. 
;.'1f potent&& benefits were measured i n  terns  of al ternative costs a t  . .' 

other than Federal::fi,n:ancing i n  accordance with present evaluation 
procedures, values ?, >:d tend t o  be higher. ' It is believed tha t  the " average~<.~used wnich re f lec t  a 50 pe'rcrjit plant factor-and a.4-mill- 
per-kwhr r a t e  are reasonable. The relationships, however, are l inear  
and adjustments up o r  down f o r  e i ther  plant factor o r  ra te  can be 

<, easi ly  approximated. It is noted that  reductions i n  plant factor  are 
normally attended.,with an increase i n  the value of energy per kwhr 
because of .use as-peaking. ' ,- S, 5 

.. 
. . 

~ ~ ~ r a i s a l s  were also made of the  potkntial gains from individual \. ...-- -. .-, 
-4 

plants with the evaluation c r i t e r i a  ta i lared t o  meet the  particular 
- project. . Each powerplant i s  operated as  part  of basinwide systems, 

consequently average conditions within each basin were postulated. 
The value of pbwer as  refiected i n  power revenues can vary s ign i f i -  
cantly fro'mthe Pacific:Nb'rthwes'c where firm pbwer ra tes  a t  
load sactors may @.eld 4 m i l l s  or:;less a8 compared t o  up t o  6 mills . 
i n  thh Colorado,+,Ri'irer StorageProje'ct: Missouri River Basin Project \i 

%d Central Vallky Project f a l l  in-between thesezpoints. Sales of ~ )!,, L.r.'.. 
nonfirm, secondary, and.pihping engrgy have the effect  of reducing 

. . 
the ayerage returns. C: 

, . 
~. I 

. . ..,. 



EXHIBIT 3 



The following tabulation i l l u s t r a t e s  the potential  economic gains f o r  
selected projects having a wide range of installed capacities, and 
assuming 1 percept increase i n  efficiency. It was considered tha t  an 
increase of 1 percent was possible on individual plant basis, but tha t  
the  f ract ional  increases previously presented were more appropriate 
as an overall  average gain covering a l l  powerplants susceptible t o  
radioisotope flow measurements. The smallest ins ta l la t ion shown is 
f o r  one unit  of the Flatiron Powerplant of the Colorado-Big Thompson 
Project t o  provide an idea of the  re la t ive magnitude of gain for  
small6r units. Values f o r  s t i l l  smaller uni ts  can be approximated 
on a s t ra ight  proportionate basis. Potential gains presented f o r  
selected years are cumulative and ref lect  present worth a t  the cur- 
rent interest  ra te  of 3-1/4 percent. 

Table 3. Present worth of potent ia l  gains from a 1 percent increase 
i n  turbine-generator efficiency f o r  selected plants 

I Possible increases i n  values 
Cauacitr 1 I 5 I 10 I 25 I 50 - - - 

Powerplant Region (mw) year years years years years 
($1,000) ($L000) ($1,000) ($1,000) ($1,000) 

I I I I 

Glen Canyon 4 900 $210 $990 $1,820 $3,670 $5,3X) 
Hungry Horse 1 285 23 110 200 400 580 
Yellowtail 6 256 34 160 290 580 850 
Trinity 2 100 19 90 170 330 480 
Flatiron No. 1 7 31.5 6 30 55 110 160 

An analysis of the application of the radioisotope method t o  pumps 
pointed up two important variations f,mm conditions encountered when 
considering powerplants. F i r s t  it was noted that  there was a preponder- 
ance of re la t ively small pumps and consequently a greater sensi t ivi ty  
t o  the  expense of testing; and, secondly, there was a greater potential  
i n  realizing several percentage points i n  efficiency because of a gen- 
e r a l  lack i n  tes t ing  and the greater incidence of wear-inducing sediment 
i n  water pumped. 
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Pumping Plants.--The general approach i n  determining potential  benefits 
from the operation of high-pressure pumps closer t o  maximum capabili t ies 
through be t te r  discharge measurements i s  similar t o  t ha t  used t o  evaluate 
powerplants. Frequent avai labi l i ty  of good information on relative eff i -  
ciencies would provide greater discretion i n  selecting the best units  
f o r  baseload operations, m r e  timely maintenance programs so tha t  year- 
to-year outputs consistently score higher on the efficiency curve, and 
be t te r  control and regulation of water supplies. The mast obvious gains 
would be potential  savings i n  pumping energy. 



-" - -- - 
used almost exclusively. & the recent past ,  f ive  actual t e s t s  hav; 
been conducted a t  project s i t e s .  Shop t e s t s  nonnally form the basis 
fo r  acceptance for  smaller plants (up t o  2,500 hp). The expense; the  
requirements of access t o  discharge l ines  for  internal placement of 
the elaborate injection, mixing, and detecting equipment; and the shut- 
down requirements a l l  combine t o  l i m i t  the number of t e s t s  run using 
the salt-velocity method. 

Flow measurements by use of p i to t  tubes may prove t o  be an a t t rac t ive  
alternative method for  application t o  small installat ions;  however, 
technical problems of obtaining precise resul ts  as yet have not been 
overcome. A t  present that  method has occasional f ie ld  use, primarily 
i n  connection with comparative studies i n  problem areas where several 
methods are employed. 

In appraising the extent of radioisotope applicability, the current 
list of Bureau pumping plants, 1,000 hp o r  larger,  e i ther  constructed 

4 
or  under construction was examined. In the  screening process it ,~ 

became apparent that  physical c r i t e r i a  had t o  be supplemented by eco- 
nomic considerations because potential  gains from a 1,000-hp ins t s l la -  
t ion would jus t i fy  only a small additional dollar expenditure. A s  a 

. resul t ,  a minimum plant s ize  of 5,000 hp was selected as the break-even 
point where potential  gains from a small increase i n  machine efficiency 
approximated the anticipated cost of a flow t e s t  using radioisotopes. 
The smaller plants have two factors which tend t o  offset  size; one is 
that  there should be a greater opportunity t o  pick up several percentage 
points in  efficiency; and two, the average cost for  energy is higher 
as  often local sources of power must be relied upon. 

It is recognized that  a pump insta l la t ion normally consists of a number 
of individual units  each of which could have a separate discharge l ine  
requiring individual testing.  It is expected, however, tha t  the added 
costs of tes t ing more than one unit  a t  the same s i t e  and time would be 
small; especially where several units  manifold into  a single discharge 
l i ne  necessitating only one setup and where the single injection of 
radioisotope material i s  permissible. 

Inspection of published s t a t i s t i c a l  data as  of 1966 disclosed tha t  of 
the t o t a l  rated horsepower of 1.7 million in  96 pumping plants, 1.3 m i l -  
l ion hp i n  13 plants met the physical and economic conditions of appli- 
cab i l i ty  f o r  radioisotope testing.  The importance of large un i t s  was 
conspicuous by the fac t  that  4 of the 13 plants ranged in  s ize  from 
135,000 t o  460,000 hp, and 9 plants were i n  the 5,000- t o  14,000-hp 
range. A l l  but 2 of the plants were considered amenable t o  the applica- 
t ion of the l e s s  expensive single-injection system. These 2 plants were 



over 200,000 hp i n  size and could well afford the extra cost. AS 
mentioned previously, due t o  the possibil i ty tha t  the pump impellers 
can be used as  mixers for  the radioisotope solution, the single- 
injection system could have an even more widespread application. 

Economic indicators were developed on relative magnitude of values 
result ing from possible reductions i n  energy requirements for  the 
1,303,000 hp susceptible t o  radioisotope water measurement techniques. 
A value curve representing 1 percent potential increase i n  efficiency 
was plotted using power values comparable t o  those assumed for  power- 
plants. Federal pumping power rates were not used i n  computing the 
monetary benefits as these are  considered t o  be a r t i f i c i a l l y  low. 
This i s  due t o  the large influence of low, par t ia l ly  subsidized i r r iga-  
t i on  pump rates  which result  from present policy and legis la t ive  history 
t o  encourage irrigation.  Furthermore, any power released by reduced 
pumping should find a ready commercial market. 

A s  with powerplants, variations i n  power values and plant factors occur 
from one regional area t o  another and required generalizing and weight- 
ing i n  the selection of averages used. Precise and detailed s t a t i s t i c a l  
analyses are not considered necessary for  the purposes of t h i s  study as  
the emphasis is t o  develop value indicators and trends. However, some 
mention of the wide variations encountered in  plant factors and power 
values may be of interest .  The lowest plant factor was under 15 percent 
and represented the pumping cycle of a reversible pump-turbine fac i l i ty .  
Pumping during i r r igat ion seasons only, produced factors of about 30 per- 
cent depending upon climatological conditions; year-round punping for  
regulation o r  supplying municipal and industrial  needs increased annual 
operations t o  up t o  90 percent of the time. The capability t o  avoid 
pumping during daily or  seasonal e lec t r ica l  peaking hours and location 
i n  areas of "cheaps' power resulted i n  values as  low as 3 m i l l s .  On 
the other hand, where pump operations are located in  areas of higher 
e lec t r ica l  fuel  costs o r  where local sources must be relied upon, 
power would have almost twice tha t  value--one was as high a s  7-112 m i l l s .  

Exhibit 4 presents a value curve showing the potential  benefits from 
improving operations on 1.3 million hp i n  pumps subject t o  radioisotope 
measurements. The curve assumes a power value of 4-112 m i l l s  and a 
plant factor of 40 percent, which represent averages Prom weighting the 
most significant factors. By operating 1 percent closer t o  actu 
machine capabilities, benefits realized could amount t o  $150,000 
the first year and accumulate t o  almost $1,300,000 i n  10 years. The 
largesf, ins ta l la t ion included is the San Luis Pumping Plant rated a t  
460,000 hp. A l l  of the  San Luis units  are reversible and have a t o t a l  
generating capability of 424,003 kw. This pump-generator plant, as  
well as one other, i s  included i n  both the powerplant and pumping plant 
studies as  separate waterflow measurements are necessary f o r  tes t ing 
efficiencies i n  each of the  pumping and generating cycles. 





t o  dete-kine first the degree of tes t iw-  expenses involved and secondly 
i n  the  event tha t  repairs are necessary just how much added cost w i l l  
be incurred. As discussed previously, the effect  on costs of repair 
would more than l ikely be i n  changes i n  the timing of maintenance pro- 
grams. To provide some illumination on the amount of added cost a 
1 percent average increase i n  efficiency could support, selected plants 
were studied individually and the resul ts  a r e  summarized i n  the  next 
table. The apparent poor correlation i n  size and benefits  is due t o  
the  wide variations i n  plant factors and values of e lec t r ic  energy. 

'Table 4 .  Present worth of potential  gains from a 1 percent 
increase i n  pump efficiency for  selected plants 

Time periods--in $1.000 
Plant Region Capacity 1 5 10 25 50 

hp year years years years years 
I I I I 

Grand Coulee 
Tracy 
~ l a t i r o n u  
Canadian River 

Pump No. 2 

UPwttp-generator used primarily as pwnp. 

Water Control.--It naturally follows tha t  the ab i l i ty  t o  accurately 
measure discharges through high-pressure turbines and pumps not only pro- 
duces benefits i n  terms of enezgy gained or  saved but also advantages i n  
the management of water supplies. Releases through powerplants are 
normally into open river channels and are d i f f icu l t  t o  gage precisely. 
The ab i l i ty  t o  calculate flows w i C P ' n  a small margin of the t rue flows 
would mean bet ter  administration . mter rights and improved accounting 
of supplies released to  various water users. This would make a contribu- 
t ion toward the elimination of waste and m a y  mean greater availabil i ty 
for  project use. c-\ 
Pump discharges into  open channels are dif f icul t  t o  measure within a 
percentage or two of actual flows. Through a periodic determination 
of efficiencies pumps can be maintained t o  operate closer t o  the i r  
designed capabil i t ies so that  f u l l  output can be relied upon during 
those c r i t i ca l  dry periods when maximum capacities are  taxed. Timely 
water applications can make substantial differences in  irr igated crop 
yields. Water put t o  municipal and industrial  use can have even a 
higher value. Greater amounts of M%I supplies are expected t o  be deliv- 
ered through high-head pumps over longer distances. In view of project 



A number of variables are involved i n   educing the  benefits  from 
improved water management t o  a hard dollar estimate.  here-are many 
l inks  i n  the chain beginning from the storage and diversion of r iver-  
flows t o  the f i na l  delivery t o  the water user. Water losses i n  the 
form of evaporation, transportation, and on-farm application a l l  play 
major roles i n  the  control and distribution of water. Nevertheless 
the provision of an accurate measuring tool  such a s  tha t  anticipated 
by the  use of radioisotopes i n  high-pressure conduits can make a con- 
t r ibut ion t o  be t te r  management and use of valuable water sugplies. 

Application t o  New Fac i l i t i es  

Preceding sections indicated that  the radioisotope method f o r  deter- 
mining hydraulic flow i n  high-pressure conduits has potential  applica- 
t ion  t o  a significatr: percentage of projects constructed or  under 
construction by the Bureau. The availabil i ty of a highly precise 
method which can measure discharges from turbines and pumps within an 
expected probable inaccuracy of + 3/4 of 1 percent could encourage the 
production of more eff ic ient  machines fo r  inclusion i n  future projects. 
It is generally agreed tha t  in  any industry where it is d i f f icu l t  t o  
establish rigid specifications o r  standards and which lack a precise 
gage f o r  checking acceptability within these c r i te r ia ,  there cay be 
opportunities f o r  product improvement not yet exploited. A method 
which can accurately determine whether design standards are met and 
which is  agreeable t o  both the s e l l e r  and the buyer can encourage 
competition and resul t  i n  the upgrading of the product. A highly, 
accurate method for  measuring discharges through turbines and pumps-- 
an expressed goal of the  radioisotope research program--could make 
some contribution t o  expectations of securing machinery having small 
but economically significant gains i n  efficiency. 

. An indication of the value of a fraction of a percent of machine e f f i -  
ciency is provided by a review of standard penalty clauses included 
i n  invitations t o  bid. Provisions f o r  financial adjustments are thus 

o made i n  the event tha t  the  supplier f a i l s  t o  meet the warranted eff i -  
ciencies operating under the specified design conditions. Several 
examples are provided f o r  various sizes o f  powerplants and pumping 
plants. A s  notesgn the following summary table, the amount of penalty 
i s  a direct  functlqn of the size,  percentage of time the plant i s  , 
expected t o  operate, and power values. Penalties are usually s h o d  
separately f o r  losses i n  energy and capacity and are specified t o  the 
nearest 1/100 of 1 percent. For purposes of presentation, the  penalties 
have been converted t o  the equivalence of a 1 percent loss.  



I I Penalty for  
Plant Total 1 percent efficiency loss  

capacity Energy I Capacity 
I I 

Judge Francis Carr 
Powerplant 134,000 kw 157,000X * 

ms Amigos Pumping Plant 240,000 hp 92 , 500 95,000 
Flatiron Pumping Plant 13,000 hp 12,500 12,500 

+Combined value representing a loss i n  both components. 

The possibi l i ty  for  realizing benefits from increased efficiencies i n  
new powerplants is perhaps not as  great as  those for  purnping ins ta l la -  
t ions.  A good many of the best hydroelectric damsites have been devel- 
oped and a large share of those remaining represent large concrete 
structures with relatively short penstocks and consequently are not 
good prospects for  the.use of radioisotopes. On the other hand, as  
water supply needs expsnd and greater distances are involved i n  bring- 
ing water supplies t o  points of service, it i s  expected tha t  more and 
more pumping plants  of major s ize  and higher l if ts  w i l l  be necessary. 
Thus, there are  greater prospects i n  the area of pump developments 
for  the  realization of improvements i n  efficiencies by virtue of having 
a simple,inexpensive and accurate method of measuring discharges under 
high pressure. 

I? 

To pmvide a general guide on potential increases i n  e l ec t r i ca lp ro -  
duction or  savings i n  energy, several value curves were developed t o  
represent a wide range of plant sizes of from 1,000 t o  1,000,000 kw. 
These general indicators are useful for  both powerplants and pumping 
plants. Pumping plants normally referred t o  i n  terms of horsepower 
can be easi ly  converted t o  i t s  e lectr ical  equivalent (1 hp equals 
.746 kw). The curves cover increases i n  efficiency of 1/4, 1/2, and 
1 percent and a band t o  show values a t  4 and 5 mills per kwhr assuming 
an overall-plant factor  of 50 percent. A s  demonstrated i n  Exhibit 5 
the  benefits, read on the l e f t  scale, are sensi t ive- to  installed 
capecity as  it requires a 1 percent gain i n  efficiekcy and a minimum 
of 5,000 kw t o  produce an annual benefit of ab ,000. 



POTENTIAL BENEFITS FROM SMALL INCREASES IN  EFFICIENCY 
FOR FIRST YEAR OF OPERATION FOR TURBINES AND 

PUMPS SIZE0 FROM 4,000 KW TO 1,000,000 K W  







in~high-head turbines.. Many physical and chemical techniques have been investigated, 

turbines. A modification of this salt-dilution method was proposed, in;the form 

is a'.repcrt of the work carried out to devdop a radio-release modification of the 

salt-dilution method of measuring high-head turbine discharge. 

the samplingpoint must equal the mass of tracer introduced. In terms of concentra- 

become homogeneously mixed with the bulk fluid, the concentration of the tracer is 

after the intr 



is introduced at a constant rate, q, of 100 ml/sec into a stream flowing at rate Q 

reasonable values for a typical experiment. The concentra- 
-6 

tim of the tracer at the sampling point, C2, is computed to be 10 g/ml, or 1 ppm. 

Although chemical and analytical techniques can measure concentrations much smaller 

than 1 ppm, the procedures afe laborious and they must be carried out by experienced 

analysts. 1 ppm can be considered the level bclow which simple conventional analyti- 

cal procedures do not exist. 

To measure larger flow rates by the salt-dilution method, it is necessary to 

either increase C or q, or measure smaller values of C by a batter technique than 
1 2 

is presently available. It is not possible to increase C1 and q by very much, how- 

ever, and it would not be desirable in any event, because of the quantity of tracer 

involved. With the values chosen above, 600 grams of tracer are introduced each 

minute. In a 30 minute experiment 40 pounds of tracer dissolved in about 50 gallons 

of water would have been used. The only alternative is to develop a better analyti- 

cal procedure. 

One of the early attempts to measure smaller values of the tracer at the 

sampling point made use of the sensitive methods of detecting radioactivity. If a 

radioactive material were used as tracer, it should be easy to measure more than a 

acer--as is done in the above illustration. It is indeed 

possible to do this, but other factors then enter the experiment: availability of 

suitable radioactive, species, logistics of heavy shielded containers, difficulties 

of working by remote control, but most important, the posstbility of contaminating 

equipment and water supplies. 

Gold-198 has most of the desirable characterisf,ics of a radioactive tracer for 

flow meaiurements and has been used in many experiments. It wo"ld be desirable to 

avoid entirely the introduction of radioactivity into water supplies, yet take 
*Y 

vantage of the sensitive methods for detecting radioactive isotope. The radio- 

lease method of analysis was developed for this purpose. It is_, basically, another 

measuring low concentrations of non-radioactive ions in 

it employs the sensitivity of radio-activity detecting techniques. 
Ci 

-reiease analysis procedures, the ion in low concentration is caused to 

species in such a manner that raddoactive ions replace the 

solution. If the reaction is stoichimetric, then a measure 

tivity of the solution is a measure of the concentration of 



the o r ig ina l  non-radioactive ions. Since rad ioac t iv i ty  is easy t o  de tec t ,  i ts  

detect ion provides a bas i s  f o r  measuring very low concentrations of mater ia ls  i n  

aqueous solution.  

An example will make the technique c lear .  Dichromate ion i n  a c i d i c  solut ion 

oxidizes s i l v e r  metal producing soluble s i l v e r  and chromic ions: 

cr20; + 6Ag + 1 4 ~ +  -> 6Ag+ + 2crfn + 7Hz0 . 
I f  the  s i l v e r  metal i s  radioactive,  then the s i l v e r  ions i n  solut ion a r e  a l s o  radio- 

active.  Since the  react ion i s  stoichiometric, measuring the radioactive s i l v e r  i n  

solut ion allows one t o  ca lcu la te  the  required concentration of dichromate ion 
(2) or ig ina l ly  i n  solut ion t o  produce the measured s i l v e r  concentration . 

(3) Other radio-release procedures have been described fo r  dissolved oxygen , 
vanadate ionc4),  SO^"), iodide(6) and other ions('). Unfortunately, the react ion 

of dichromate ion with s i l v e r  metal i s  slow and one hour i s  required for  cmplet ion.  

This i s  not su i t ab le  fo r  rout ine  analysis  of samples. Hawever, it appeared t h a t  the 

pr inciple  of radio-release analysis  should be explored fo r  the reactions which would 

make feas ib le  the use of the  sa l t -d i lu t ion  method f o r  measuring flow-rate i n  high- 

head turbines.  Therefore, a s e r i e s  of egp ts was begun. 

EXPERIMENTAL PROGRAM 

P i r a t ,  the charac te r i s t i c s  of the t r ace r  substance were defined. The t r ace r  

must be 

.-, A s tab le  oxidizing or reducing agent, 

. Relatively non-toxic, 

e week, but  not so 



Ihe t r ace r s  which met the c r i t e r i a  a r e  

f luor ide  bromate 

n i t r i t e  chlora te  

dichromate n i t r a t e  hydrogen peroxide 

peroxydisulfate hydroxylamine b i s u l f i t e  

, hypochlorite hydrazine hyposulf i te  

hypobromite .. urea hypophosphite 

The experimental procedure was straightforward. A colunm of the radioactive 

I isotope was prepared i n  one of severa l  ways, and a solution of  the t r a c e r  a t  the 

placed a s c i n t i l l a t i o n  c r y s t a l  and counted. 

TBNTALuM-FLUORIDE ION 

Although fluoride ion does not meet the c r i t e r i o n  of a .  t r ace r  ,wsbstance being 

reagents. The react ion which seemed'to have promise fo r  radio-release analysis ,  



being dissolved. Iodate ion is to oxidize niobium (Which i 1 3  similar to 

tantalum) in acid solutions so various concentrations of sodium todate were tried 

with the fluoride--again without success. 
: Higher concentrations of fluoride dissolve the metal rapidly, but it must be 

concludea Chat at the part-per-million level, fluoride does not attack tantalum 

metal in any concentration of nitric acid. 

REACTIONS WITH 1-131 
Whereas most radio release reactions occur between a soluble ion, the tracer. 

and a solid member of the reaction, the radioscf~ve material. it is not necessary 
$ \  

that this be the arrangement. It is only necessaj. that the radioactive species 

formed in the reaction be separable from the bulk of the inotope. Ihe reactions - 
of the various valence states of iodine can be used to advantage. Only the element is 

soluble in organic solvents and can thus be extracted from the bulk of an aqueous 

solution containing the other valence states. 

Both peroxydisulfate and dichromate ions are capable of oxidizing iodide ion to 

iodine : 

s20; + 21- 3 250; + I2 

cr20; + 61- + 1 4 ~ +  -> 2cr- + 312 + 7H20 . 
At the 10 (tglml level prelimpary colorimetric experiments showed that the reactions 

were slow, but it was not clear whether the oxidation was slow, or the subsequent 

color-formation reaction was limiting. With iodide ton-1-131, it was soon sham 

that the oxidation reactiam was indeed the slaw step. -- 
Reactions with perokydisulfate ion usually are carried out with silver ion as 

'\\ <, 
catalyst. Unfortunately,  his specific catnlyst cannot be used because of the 

insolubility ofuilver iodide. It was soon found that ferrous ion will also catalyze 

- peroxydisulfate reactions and experiments showed that the oxfdation of iodide ion 

might be fast enough to be useful. On going from distilled water to ordinary tap 

water for the experiments, in order to simulate more closely actual field conditions, 

ncountered: tap water contains enough ferric ion to inter- 
- 

++ 
2~e* + 21- -> 2 ~ e  + l2 

L 



l a t t e r  d i f f i c u l t y  showed the f u t i l i t y  of continuing experiments with peroxydisulfate 

ion a s  tracer.  

No method was found for  speeding up the  oxidation of iodide ion by dichromate. 

Chlorate ion has the chemical potent ia l  of oxidizing iodide ion, also: 

~ 1 0 ;  + 61- + 6Ii+ -> 312 + CI- + 3 4 0  . 
Preliminary experiments a t  the 10 pg C10;lml concentration, however, prcduced no 

iodine within 10 minutes, so the react ion vas not  pursued. 

RUCTIONS WITH SILVER-110 

The react ion of dichr-te ion with s i l v e r  metal was shown t o  be slow(2). I n  

t h i s  experimental method, a silver-110 gauze was s t i r r e d  i n  a beaker of the dichro- 

mate t r ace r  solut ion u n t i l  react ion was complete. The thought occurred t h a t  the 

reaction might be accelerated i f  the dichromate solut iou could be passed through a 

column of  the f inely  divided metal. 

S i lver  metal can be s o  precipi ta ted ,  but  a column of the f i n e  material  g rea t ly  

r e s t r i c t s  flow of l iquid  through itc4). A b e t t e r  technique seemed t o  be t o  precipi- 

t a t e  the metal i n  f ine ly  divided form on the surface of an i n e r t  substrate. Accord- 

ingly,  s i l v e r  ion was adsorbed on a ca t ion r e s i n  (Dowex-50) and then the metal was 

precipitated i n  s i t u  by an ammoniacal solution of formaldehyde (Tollins reaction). 

The coluum seemed t o  be very sa t is fac tory ,  but dichromate solutions of 100 wglml 

fai led t o  oxidize any s i l v e r  even a t  pH 2. The idea was not pursued further.  

EXPERIMENTS WITH CHROMIUM-51 

Chromium appeared t o  be a metal which showed promise of being a member of a 

radio-release system. As  dichromate ion i n  acid solution,  it is a powerful oxidizing 

agent, and several  common strong oxidizing agents can take chromic ion t o  chromate 

ion i n  e i t h e r  ac idic  or basic media. Whereas chromium-51 does not have the most 

idea l  nuclear cha rac te r i s t i c s  (only 8-109, of the d is in tegra t ions  y ie ld  a countable 

X-ray) it s t i l l  i s  readily avai lable  i n  high speci f ic  ac t iv i t i e s .  Accordingly, many 

experiments were carried out i n  attempts t o  find a,good radio-release system fo r  

measuring low concentrations of a su i t ab le  tracer.  

I n i t i a l l y ,  chromate-51 ions were adeorbed on Dowex-21K. an anion resin.  The 

pr inciple  t o  be used was t h a t  while d ichrmate  iop  would remain adsorbed on the  anion 

res in ,  chromic ion, which would b.: formed by reduction by the t r ace r  ion, would pass 
/ 

through the anion column and bef=ounted i n  the  ef f luent .  

I\ 
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l eve l ,  however, the  appearance of chromic ions i n  the  ef f luent  was r e s t r i c t i v e l y  

slow, even a t  pH 2. 

The foregoing statement i s  cor rec t ,  but does not p r w e  tha t  the chemical 

react ion is slow. Chromic ions i n  solut ion a r e  known(9) t o  behave pecul iar ly  on 

ion-exchange res ins .  It was hoped, however, tha t  a t  pH 2, these p a r t i a l l y  hydrolyzed 

species would be minimtzed and chromic ion would behave more nearly a s  a pure ca t ion ic  

species. The p o s s i b i l i t y  therefore existed t h a t  the reduction react ion indeed pro- 

ceeded quickly, but  the  chromic ions were adsorbed on the  anion r e s i n  because they 

assumed poorly characterized hydrolyzed s t a t e s  even a t  pH 2. 

Another problem arose with respect  t o  use of the Dowex-21K column. Radiation 

decmposit ion of tlfe organic s t ruc tu re  of the r e s i n  occurred with r e s u l t a n t  leaking 

of unreduced dichromate ion i n t o  the  effluent.  This had been anticipated and an 

inorganic i? exchange r e s i n  was obtained (HZO-1, BioRad Labs, Richmond, California) .  
li 

HZO-1 behave&' a s  an anion r e s i n  a t  low pH values,  but as  a ca t ion  r e s i n  a t  high b 
values. A t  ph i l ,  dichromate ion,  Cr-51, was adsorbed on the column and pH 1 solutions 

of various reducing agents were passed slowly through. Hydrazine, hydroxylamine, 

n i t r i t e ,  s u l f i t e ,  metabisulfi te ,  hyposulfi te,  hypophosphite, urea, thiourea,  and . 
ascorbic ac id ,  a l l  a t  the vg/ml concentration l eve l ,  f a i l ed  t o  give chromic ions i n  

the column effluent.  I '  

Whether the f a i l u r e  t o  produce chromic ions due t o  slow reaction of the ions o r  

t o  adsorption of the released chromic ions by the column is an in te res t ing  question, 

but its soluti06 i s  not per t inent  t o  the problem a t  hand. Thiourea a t  the 1.0 ,~g/ml 

and pH 1.2 reduced dichromate on the column, but even a f t e r  half  an hour of passing 

solut ion a t  l e s s  than 0.5 mllmin, the react ion was f a r  from s t o i c h i m e t r i c .  Less 

than 5% react ion had occurred. A t  1 pg/ml thiourea concentration, no chromic ions 

could be observed i n  the column e f f luen t  a f t e r  2 hours. w 
The reverse react ion (the oxidation of chromic ion, Cr-51, on a ca t ion column, 

Dowex-50) w = i  then t r i ed .  In  chromateCor dichromate ions formed from 

the oxidetion 'should not remain on a c a t i o n  column. But peroxydisulfate and bromate 

-acid solution,  and hypochlorite, hypobromite, and hydrogen peroxide i n  basic 
~, , 

he 10 pglml concentration, f a i l ed  t o  &e radio&tive species - i n  

the column eff luent .  







G. A. Teter 

Introduction 

This study has been made t o  estimate the probable accuracy of flow 

measurements made with radioisotopes by the USBR. This analysis 

considers only those errors due t o  isotope handling and counting and 

assumes that  the sampling r a t e  i s  constant and that  complete mixing 

of the  tracer and water has been achieved. While the analysis is 

based on the to t a l  count method, the same parameters are  generally 

applicable t o  the integrated sample and dilution methods. The 

accuracy using the l a t t e r  two methods could be improved through the 

bet ter  s t a t i s t i c a l  accuracy obtained from accumulating more counts 

a t  the expense of increased time for  the measuremeat. This analysis 

has been divided into  three main groups of development, but a l l  of 

the resultant errors contribute t o  the t o t a l  error of the measurement 

The maximum error (dy) i n  the determination of some quantity 

y = f(%$), is: 







by equating (4) .and (51, we obtain 

the equation for the total comt method. 







for field calibration.z/ Therefore, a method has been developed to 

calibrate the counting systems at the field site using a mall 

volume of the material ordered for that specified test. To elimi- 

nate the need for determining the absolute activity of the radioiso- 

top, fractions of the initial dilution are used for the calibration 

of the counting system. An arbitrary value for the activity can be 

assigned to the initial dilution of about 1 liter (e.g. 500 milli- 

c.uries) resulting in a ratio of 0.5 millicurie per milliliter. 

All quantities to be injected for the discharge measurements and 

all quantities to be used for calibration of the sample tanks orig- 

inate f r m  the initial dilution. An absolute error in Ci will 

not affect the flow measurement provided that the calibration solu- 

stock solution. Using this method %t is not 

', cisely th absolute activity of the isotope ): 
, , 

d, 

Measurements were performed in the Bureau's Denver ,Office laboratory 

to evaluate the procedures for calibrating the sample tank, Figure 16B, 

and counting systems for radioisatope flow measurements. The measure- 

ment system used was the automatic dual-channel scaler-printer, pur- 

lly for the flow measurement program, and a scintil- 

r with a 1-1/2- by 1-inch NAI(T1) crystal. 





I The background count ra te  must be determined before any t racer  

materials are  brought near the counting system. The background 

should be measured t o  a s t a t i s t i c a l  accuracy of about plus o r  minus 

1 percent. A 1-percent error  i n  the background measurement w i l l  

r e su l t  i n  a negligible error  i n  the gross count a f te r  addition of 

the isotope provided that  the gross count ra te  is large with 

respect to  the background. I n  practice, the gross count ra te  i n  

calibrating the tank has been made a t  l eas t  as high as  the maximum 

ra t e  expected during the flow measurement. This r a t e  may range as  

high as  1,000 cps (counts per second) compared to  a measured back- 

I ground count of about 45 cps. 

On top of the tank there i s  a 2-inch pipe cap. The cap is removed 

and the water level i n  the tank carefully adjusted to  a w a t y  level 
. ~ . . , ,  " , . ~  

,,,. ~ . . . 
>.. . . .\ 

mark for  calibration. When the cap is removed a large funnel can 

be attached over the opening. This funnel is used when adding and 
< ,  

mixing i s o t o h  i n  the t ink to  prevent s p i l l s  of radiodctive material 
'-3 

on the outer; surface of tank and to  catch bubbles erupting during 

air mixing. 

The tracer i s  g a t i r e  pump tobubble a i r  through the 
,, . 

tank o r  an e l  r was used &en power was available. The 

punp is' a t t ac  stem on top of,the tank. Air i s  pumped 







Difference from 

In. another series df calibrktions the sample tank was located 

u r e k t o f  flow raterwith 





suppliea .can cause signif ic&t timing errors. 

\ -- 











A l l  of the valves used for discharging water o r  t racer  from the 

injection system t o  the penstock were of the "ball" type. These 

valves provided an unobstructed flow passage when ful ly  opened to  

prevent retention of radiotracer. A l l  the tubing, pipe, and cylin- 

ders i n  contact with l iquid and t racer  were made of s ta inless  s t ee l  

and apparently did not becom coated o r  re ta in  t racer  on the surface 

o r  i n  the f i t t i ngs  joining the parts. 

On one occasion a minor d i f f icu l ty  was e?icountered i n  system opera- 

tion. The normal procedure of operation was t o  reduce the pressure 

on the .injection system to  atmospheric a f t e r  the purge cylinder was 

empty. This was not done a f t e r  one injection. By having the pen- 
, , 

stock pressure nearly balanced by the gas pressure, the check valve, 
*--- ->--- 
Tigure 8B, used to  prevent return flow from the penstock, could not 

operate properly. Inspection of the system for  the next injection 

showed the injection cylinder t o  be nearly f u l l  of water. This 

water,overa period of about 2 hours, had been punped gradually 

in to  the injection cylinder through the check valve by pressure 

fluctuations i n  the penstock flow. 





penstock and other radiation sources to  prevent an inaccurate count 

and calibration of the tank. 

After completion of the calibration the discharge through the sample 

tank was regulated to  the desired flow of 20 to  25 g p ,  and a back- 

ground count was measured before the a r r iva l  of the t racer  i n  the 

penstock flow. Counting of the tracer sample flowing through the 

tank was continued u n t i l  a background level was again obtained. 

The counting equipment was then prepared for the next injection. 

The count data were recorded on printed tape and on magnetic tape 

i n  the mobile laboratory as  the sample passed through the tank, 

Figures15B and 16A. This method provided information for on-site 
&- 

computation of the discharge and for additional analysis i n  the 

Denver Off ice. 

The samples collected i n  the separate containers were transferred 

to  the calibrated sample tank for use i n  the "integrated sample" 
h 

and "dilution" methods of measurement. The count obtained from the 
ii 

smnples was recordeditin the mobile laboratory for l a t e r  analysis, 
11 

These additional samples were collected only for  the measurements 

made on the f i r s t  day of the t e s t  series.  Handling and counting 



of the tracer-mixture for  the three methods, t o t a l  count, integrated 

sample, and dilution,  consumed more t i m e  than planned i n  the t e s t  

se r ies .  Therefore, t es t ing  of each method was programed for  l a t e r  

s e r i e s  of measurements. The simultaneous use of the three methods 

appeared feasible when time was available fo r  counting the sample 

necessary for each method. The re la t ive  accuracy of each method 

could also be determined by the use of the single injection needed 

for  the di lut ion method. 

Sampling of the flow i n  the powerplant was done by the sample tank 

procedure. Either a pmped flow or  pressure flow from the penstock 

was used t o  obtain t'nr-sample, Figure 12. A portable scaler  and 
'% 

timer were ins ta l led above the sample tank on the powerplant operat- 

ing floor,  Figure 16C. Both portable and powerplant communications 

systems were used for  radio contact with the injection s ta t ion.  

The "total  count"method was used for  computing the discharge from 

the sample a t  the powerplant. There was no automatic recording 

feature on the counting system and the count was recorded manually 

with respect t o  the, Figure 16C. 

e cross sec of the pipe were measured on two 

apart.  These diameters had been accurately measured 







... 3 

. pates a gross discharge (Qg) for the pipe. 

A reduction.in the gross discharge was ukde for the presence of the 

rod couldnot be extended to the center and the 

about 0.28 cfs (cubic feet per 





129.1 cfs  to a high of 135.7 cfs. Discharges computed from the 

4-foot pitometer i n  quadrant D averaged higher than for the 7-foot 

dmmeter  used i n  the other three quadrants (&foot, 133.4 cfs  and 

* 

rant D. The discharge measured by the &-foot pitometer a t  the C 

auadrant on October 27, resulted i n  a cl'ghtly less  discharge, . 3 

. . 

c-------- ~- 

1, ' ,  

and the wnstock, the 4-foot piezometer was used primarily a t  quad- 

L..= . 

~ o i r a l  Case F low 

' 130.1 cfs,  than that  (130.6'cfs) from the 7 foot i n  the B quadrant. 

,) 

There was no definite confirma'i;.m;but I, ,_ I  the pipe quadrant containing 
, , .. 

5 

the D radius may have had velocit ies . s l igh t ly  , higher than those i n  

the remait& threp quadrants. Both pitometers had been rated to  
~,., ' * 

';' --a standard,and. the discharge comparioon (130.1 to' 130.6 c fs )  

indicated the ratings had not changed. 
-. \-. 

-; /,.'I 
'" >, 

,,: 

The &cury manometer connected to the spirai case f lometer  was 

.. read a t  112-hour-i&ervals. . The different ia l  was read from a,,scale 

ed i n  increments of inches and fra5.2ions equal to  21100. 

3 
. . :. - 

Each 11100 inch of theLmercury different ia l  equalled about 1.5 c i s  " ., 







M E A S U R E M E N T  N U M B E R  



Discharges indicated by the turbine flowmeter ranged from a low of 

122 cfs  to  a high of 136 cfs during the 6 days of experiments, 

October 28 to December 1. The radioisotope method indicated flows 

ranging frcm 127 t o  nearly 135 cfs. The maximum and minimum values 

for  each of the methods did not occur a t  the same time. I n  particular 

on October 26, 27, and November 29, low discharges were indicated by 

the flow meter while high discharges were indicated bv the radioiso- 
I 

tope method. The unsteadiness of flow i n  the turbine system and the 

variation i n  discharge indication between the center and side samples 

(0.04 radius from the wall) are  shown on Figure 21. 

For Measurements 1, 2, and 3, October 25, a centerline injection was 

I !I made through a 1132-inch hole i n  the t i p  of the injection tube, 

Firmre 7 (Detail 6A). The diaahram aumn was used to  force the iso- 

tope into  the pipe a t  a constant r a t e  of injection.  Samples of the 

flow were collected to  permit a computation of discharge by the 

to t a l  count, d i lut ion,  and integrated sample methods. Discharges 

computed by the integrated sample rind di lut ion methods were unsatis 

,P 
factory. The unsatisfactory resu l t s  were r.auaed by not allowing 

,j 
suff ic ient  time during the measurements ,for proper counting and 

11 



Figure 21 

T I M E  

F L A T I R O N  T U R B I N E  NO.  e 
!: 

E :DISCHAR,GE M E A S U R E M E N T S  HIGH HEAD T U R B I N E S  AND PUMPS 



next phase of the program. 

The "total  countl'measurements were computed from the sample withdrawn 

through the previously described sample tank. The resu l t s  (October 25) 

for  Measurements 1 and 2 deviated from the flowmeter by 3 t o  nearly 

8 percent (percent deviation = Radioisotow Dischars-Flowmeter Discharze 
Flowmeter Discharge - 

x 100). Both of these measurements occurred during an indicated 

fluctuation i n  the penstock discharge. Contrary to  these variations, 

Measurement 3 differed by less than 1 percent from the flowmeter for 

both side and center samples during a substantial fluctuation i n  the 
I, 

penstock flow. No cause, other than possibly incomplete mixing, could 

be found for the deviations in the f i r s t  two measurements and the close 

agreement i n  the third for what appeared t o  be similar conditions of 

flow i n  the penstock. 

On October 26, discharges were computed by the to t a l  count method 

from samples through the tank. Injections for the four measurements 

were made a t  the penstock centerline by gas pressure through an 

injection t i p  containing 4-1116-inch-diameter holes, Figure 7 

(Detail 6B). The volume of tracer solution, Br-82 and water, and 

e injection pressure were controlled to  provide an injection time 

of approximately 1 minute. This injection t h e  produced a counting 

74 











de t o  better 







e n t s  (about 130 cfs) ,  water from the afterbay was drawn into the 

d ra f t  tube past the intake to  the sample tank, ~ i g u r e  125. A diluted 

discharge. This recirculation was diacloaed by adding a f lwrescent  

dye to  the water a t  the draf t  tube ex i t .  A fluorometer attached t o  

the sample pipe registered the presence of dye i n  less  than 1 minute 
9 

a f t e r  injection. The sampling paint i n  the draf t  tube was abandoned 

and relocated at  the i n l e t  to  the turbine, Figure 17A. 

0 

A th i rd  se r ies  of discharge measurements was s tar ted on December 6, 

1967. The measurements were made t o  determine the e f fec t  on mixing 
I *  

of changing the injection pressure and the hole configuration i n  

the injection tube. A mixing length of 46.5 diameters was chosen 
i ,  

between the injection an& sempling points. Improvements i n  the L' 

mixing could be more readily distinguished i n  the shorter pipe length 

i f  bet ter  mixing occurred for  some combinations of pressure and t i p  
\ 

configurar'lons than for  others. 

ections of t racer  were made a t  the penstock centerline and both 







I 46.5 diameters. 

An additional f ive measurements to  study mixing were made on 

December 8. A fan-shaped array of f ive,  1164-inch holes on the t i p  

perimeter were used to  in jec t  the tracer a t  r igh t  angles to  the pen- 

stock flow, Figure 7 (Detail 6D). Ressures of 685, 610, 475, 350, 

and 175 ps i  were used for the injections. 

Discharge values computed from the center sample ranged f r o m  a 

+2 percent to  a +TO percent, compared t o  the flowmeter. The side 

sample varied from a -14 percent to  a -28 percent, Figure 20 and 

Table 4. The center sample showed increased differences to  about 

10 percent through Measurement 34. Measurement 35 a t  the lowest 

injection pressure of 175 ps i  decreased to  a 3-percent difference. 

Samples from the side of the penstock deviated negatively with 

decreased pressure with the best mixing  of^ 92 percent indiceted for 
r 

the highest pressure of 685 psi ,  Measurement 31. Study of the data 

for  these five measurements using the fan-shaped array of holes for 

iniection did not show a def ini te  e f fec t  on the mixing. 

showed 

n;e 



tube i n  the cross section. For higher injection pressures the tracer 

may be forced out from the t i p  into the p i p  flow. For low injection 

pressuree-the t racer  may have flowed into the turbulent wake on the 

downstream side of the tube between the center and side of the pen- 

stock. The higher concentration i n  the wake of the tube may change 

the injection from a point to  a nonuniform line source. The a s s p e t r i  

and higher concentration flowing downstream to  a sampler i n  the same 

cross sectional position as  the injector could produce the indicated 

low discharges i n  Table 4 for the side sampler and near average dis- 

charges for the center sampler. Nonuniform distributions caused by 

injection tubes have been noted i n  previous studies.L/z/ Tracer pre- 

mixed with larger volumes of water and injected under high pressure 

in to  the penstock could probably produce better mixing i n  shorter 

penstock lengths .&/ 

Included i n  the December 6 to  8 measurement se r ies  were samples of 

tracered water taken from the piezometer manifold a t  the turbine 

in l e t ,  Figure 12A. A mixing length of 645 diameters of pipe was 

available between the injection and sampling points. The resu l t s  of 

these measurements computed by the to t a l  count method were i n  better 
,. 

agreement with the sp i ra l  case flowmeter, Table 5 and Figures 20 and 

21. Four of the 12 measurements between December 6 and December 8 
:> 

were within f l  percent of the flowmeter indicated discharge, Four 
:-) , 
\ 

were within C2 percent, two within f3 percent, and two within 

i4 percent. - 
86 
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ferent ia l  could be read t o  about 1/100 inch of mercury or  t o  about 

1.5 cfs  (1.2 percent of indicated flow). An analysis of the mercury 

different ia l  readings were made subsequent t o  t h i s  measurement aeries. 

The manometer dif ferent ia l  was read a t  1S second intervals to  accumu- 

l a t e  66 to  77 samples for each of 9 discharge measurements. For t h i s  

popdation, the standard deviatioh was 0.036 inch of mercury for an 

average different ia l  of 2.62 inches. An individual reading would 

be accurate to  i l l100 inch of mercury aboat 24 percent of the the. 

*2/100 inch about 43 percent, i3/100 about 57 percent, and *4/100 

about 70 percent of the time. Thus, the discharge could be expected 

t o  be within k1.2 percent, f2.4 percent. f3.6 percent, and f4.8 - 
of the calibrated flow 24 percent, 43 percent, 57 percent, and 

70 percent of the time, respectively. 

The discharge indicated by a dif ferent ia l  of about 0.45 inch of 

mercury in the measurements f a l l s  at  the low end of the discharge 

scale ,  The pressures producing the flowmeter dif ferent ia l  may be 

by the flow conditions i n  the turbine a t  small discharges. 

o£ the fl-ter -- was diEEicult to  evaluate. 
7 s  

'\\ ' ! 

l e  tank calibrations for  the 3-day period showed differences i n  

ue of F ranging from 377.37 counts per second t o  381.18 cps 

88 











g box and gate C .  Six-inch protrusion of 114-inch 
ion tube a t  in l e t  OD by 1164-inch ID injection tube 

ULYUI. ELLVLU L-5-D-60435NA into in l e t  elbow of pump. 
Photo P245-D-60434 

PULSE INJECTION SYSTR4 AND INJECTION TUBE 
AT PUMP INU3T ELBOW 

RADIOISOTOPE DISCWRGE MERSURDlEtnS 
HIGH-HEAD TURB ES AND PUMPS $3 



A.  Radioisotope system for 
pulse injection into pump 
discharge l ine,  tubing 
from small cylinder leads 
to discharge l ine.  
Photo P245-D-6C436 

B .  Stuffing box and gate valve 
attached to  114-inch piezometer 
plug. 114-inch OD by 1164-inch 
ID. Injection tuhes passee 
through 114 or i f ice  of plug, 
8 inches into pump djgcharge 
l ine.  Photo P245-D-60439~4 



(116 psi) .  Consideration was given to  an injection through three 

available pfezmneters but time, equipment, and the plant structure 

did not allow the ins ta l la t ion  of more than one injection tube. 

A mixing length of 164 diameters of the 8-foot pipe was used between 

the pmp and f i r s t  sampling location in  the pipeline. Figure 22. 

A 20-inch manway ins ta l led for  the  pump-turbine acceptance tes ta  by 

the salt-velocity method was available for ins ta l la t ion  of the 

radioisotope sampling system, Figures 25A and B. A manway cover used 

for  the turbine flow measurements was modified and ins ta l led on the 

pmpliue. No changes were made on the center sampling tube, 

Figure 7 (Detail 9 ) ,  but the s ide sampler was extended t o  19-5/16 inches 

t o  pass through the 16-inch nozzle length of the pipeline manway. 

m e  extension projected in to  the flow about 3.3 inches and allowed 

a sample t o  be taken a t  a distance f r m  the wall of about 0.07 of 

the 48-inch pipe radius. The tube through the center of the manway. 

sampled the flow at a point 0.56 of the pipe radius from the wall. 

The length of penetration i n to  the flow of 26.9 inches was the maxi- 

mum obtafnable with the samples designed t o  reach the center of the 
r"-. 

6-foo/t-,pensCeck,,The two points of sampling, 0.07R and 0.56R, were 

believed t o  be satisfactory t o  evaluate the re la t ive  quali ty of 

mixing and whether mixing was assisted by the pump foz injections 

i n  the i n l e t  elbow. ,* 





Figure 25 

Arrows mark 
sample tank 
locations 

..,- z- .. ,.& . .:: ., : : iiY... 
A. Mobile nuclear laboratory near manway used for sampling tracer- 

water mixture. Photo P245-0-60442 

B. Senpling equipnent instal led in  manmy of  pump discharge l ine .  
Photo ~245-D-60440NA 

into sample tank. C .  
Photo P245-a-60443 

SAMPLING LOCATION 164 PIPE DIAMETER PRm POHP 
RADIOISOTOPE DISCHARGE REASURMENTS HIGH-HEAD TURBINES AND PUMPS 
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Figure 26 

A. Decade s c a l e r  on operating deck 
e levat ion 5765,Carter Lake valve 
s h a f t .  Photo P245-D-60428NA 

- 

0 .  Sample tank with pmped 
flow - Tank a t  eleva- 
t ion  5738, 136 f e e t  
above sampling point 
i n  body of b u t t e r f l y  
valve. 
Photo P245-D-60430NA 

erevarron rangeu 
between 5740 and 5743 
f e e t  above sea level .  
Photo P245-D-60429NA 

- -- 

SAMPLING SYSTlM IN CARTER IARE VALVE SKAFF 

RADIOISOTOPES DISCHARGE HEASURMEWS 
HIGH-HEAD TURBINES AND SUMPS 
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lake and landing elevations provided gravity flow through the tank 

for these measurements, Figure 26C. The elevation of thc tank i n  

the shaft  was changed to  determine whether a higher than expected 

count ra te  was produced by tracer flow through the pmp located 

close to  the tank, Figure 268. 

- 
l%e sp i ra l  case flowmeter of the pump was equipped with two mano- 

meters. The mercury U-tube used during the measurements of flow 

through the penstock was transferred t o  the pump, IJ Figute 27A. An 

inverted-type water U-tube was also connected t o  the flow taps to  

attempt to  increase the accuracy of reading the different ia l .  

Nitrogen gas pressure was used t o  force the water columns down inio 

the 9-foot manometer, Figure 27A. For the flows being measured, the 

flowmeter produced a dif ferent ia l  of about 5 inches of mercury or  

about 5 fee t  of water. By using capillary dampers, the water rolrmms 

could be read t o  about 0.005 foot and the mercury was read t o  0.01 inch. 

A f luid  pressure scale, a beam balance designed t o  weigh fluid pres- 

sure, w8a connected t o  the out le t  piezometers of the pump, Figures 22 

r9ssute measurements i n  conjunction with the flowmeter 

re used to  show the steadiness of flow through the 

sist i n  the data analysis. 

" 



Figure 27 

A. S p i r a l  case flowmeter manwetere, 
(a) mercury U-tube, (b )  inverted- type water U-tube 
pressured by nitrogen gas. Photo P245-D-60433  

FLOWMETER AND PRESSURE NFASURING EQUIIWENP 
UNIT NO. 3 PUMP-TURBINE 

RADIOISOTOPZS DISCHARGE MEASURMENTS 
HIGH-HEAD TURB NES AND PUMPS 
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